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ABSTRACT
Seismic Vulnerability Assessment of Off-ramp 
Structures of The Las Vegas Downtown Viaduct
by
Mohammad Ohidul Hasan
Dr. Samaan G. Ladkany, P.E., Examination Committee Chair 
Professor of Civil Engineering 
University of Nevada, Las Vegas
This thesis presents the results of analytical studies conducted on the off-ramp structures
of the Las Vegas downtown viaduct. In the jGrst stage, the moment, shear and
deformation capacities of the columns were determined by moment-curvature analysis.
Then, the existing design of the bridge columns was compared to the requirements of the
current bridge design codes. In the second stage, the moment, shear and deformation
demands on the columns due to a strong earthquake were determined using the seismic
provisions o f the current bridge design codes. In the third stage, non-linear three
dimensional finite element models of the off-ramp bridges were used to simulate the
seismic response of the off-ramp structures to the Sylmar and the ATC earthquakes. The
structures response was analyzed under 50%, 100% and 200% intensities of the
earthquakes. In the third and final stage, the demands calculated in second and third
stages were compared to the calculated capacities o f the columns. It was determined that
m
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all the columns analyzed required seismic retrofit to comply with the existing codes. 
Complete retrofit designs o f the columns were determined using Carbon Fiber and Glass 
Fiber Reinforced Polymer jackets, using the California Department of Transportation 
retrofit design guidelines.
IV
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CHAPTER 1 
INTRODUCTION
1. i Introductory Remarks
Recent strong motion earthquakes, such as the 1985 Mexico city earthquake, the 1989 
Loma Prieta and the 1994 Northridge earthquakes in California, and the 1995 Kobe 
earthquake in Japan, have caused major damage to the affected regions and their 
inhabitants. The resulting extensive damages and loss of life made it obvious that our 
understanding of the seismic phenomena needs improvement. Several bridge design 
codes have been modified to reflect the knowledge and experience gained from the 
disasters resulting from the major earthquakes of the last 10 years. Many existing 
highway bridges were constructed prior to the current understanding of seismic actions*'. 
The design guidelines used before the 1970s did not include the requirements for the 
detailing of the reinforcement to provide ductility under lateral forces. Current seismic 
design philosophy is based on the large inelastic deformations and energy dissipation by 
forcing the structure to fail in a predetermined manner. Due to a strong earthquake, the 
location o f plastic hinges are selected based on ductile flexural failure mode, while the 
rest o f  the structure is detailed to have sufficient capacity to withstand the seismic 
demands'^.
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New bridge constructions follow the recent developed seismic design guidelines. 
Bridges constructed before 1970s, like the Las Vegas downtown viaduct, based on old 
seismic design guidelines, should be upgraded and retrofitted to withstand strong seismic 
forces. In reinforced concrete column design, high levels of ductility are achieved 
through the appropriate detail of transverse steel. Proper transverse steel provides 
sufficient confinement against longitudinal bar buckling during earthquakes. Many 
bridges constructed prior to the San Fernando earthquake lack sufficient transverse steel 
to provide adequate ductility and accommodate seismic deformation demands. Retrofit 
systems consisting of concrete, steel and advanced composite jacket have been developed 
and used to retrofit many reinforced concrete bridge columns. The California Department 
o f Transportation (CALTRANS) has developed design recommendations for steel, glass 
and carbon fiber jackets*.
Nevada Department of Transportation (NDOT) has identified about 200 bridges 
through out the state that may be vulnerable to collapse due to a strong earthquake*^. 
Most o f the bridges are located in Reno, Nevada area and some of them are in Las Vegas 
area, the Las Vegas downtown Viaduct is one of the most important. In this research the 
seismic vulnerability o f  the off-ramp structures of the Las Vegas down town viaduct is 
evaluated. Both of the off-ramp bridges are supported on single bent reinforced concrete 
columns. Based on the evaluation, a retrofit design of the reinforced concrete columns of 
two off-ramp structures is presented according to the current state-of-the-art in the field 
of column retrofit design. Research works related to this project are discussed in the next 
section.
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1.2 Previous Work
Much analytical and experimental studies has been conducted in order to evaluate the 
seismic behavior of reinforced concrete bridge columns and the retrofit design for 
substandard columns. The history of column retrofitting in the United States can be 
directly related to the California Department of Transportation (CALTRANS). The 
majority of published research was conducted on circular and rectangular concrete 
columns. Very little research was conducted on the seismic behavior of octagonal 
concrete bridge columns. This section presents some o f the relevant research to this 
project relating to seismic behavior and retrofit design of reinforced concrete highway 
bridge columns.
Fenves et al.^* investigated the seismic behavior o f  a curved ten-span concrete bridge 
structure at the University of California, Berkley. To simulate the earthquake behavior, a 
three dimensional nonlinear model was developed using the DRAIN-3DX^^ computer 
program. A set of four recorded and two simulated earthquake records was used for the 
analysis. The earthquake analysis provided the estimates of force and deformation 
demands on the structures. The demands were compared with capacities o f the structural 
components of the bridge structure. The demand-capacity comparison showed that a 
shear failure of the pier 2 in a brittle-ductile mode, was most likely the cause of the 
collapse. Based on the analysis, pier 3 reached its shear capacity shortly after pier 2 
collapsed. The three dimensional model of the bridge was also used to investigate the 
expected behavior o f the bridge assuming seismic retrofit.
Wehbe et al.*  ^investigated the seismic behavior o f four highway bridge columns in 
northern Nevada. A non-linear analysis was completed in this study. Columns that
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
consisted of a longitudinal steel distribution in a prismatic circular pattern through the 
core, had sufficient shear capacity and would respond well during earthquake. However, 
in the second type of column, the primary longitudinal reinforcement followed the 
column flare without core longitudinal reinforcement or spirals,the transverse 
reinforcement consisted of lateral ties only. The analytical study indicates that, between 
the two types of columns, the first type has sufficient shear capacity, and would respond 
well during earthquake. However, the second type o f column clearly showed an 
insufficient shear capacity, indicating probable brittle shear failure during a strong 
seismic motion. The results o f the analytical study led to four research projects that 
involved testing of large-scale flared columns at the University of Nevada, Reno. The 
experimental results confirmed the need for the development of a retrofit system for the 
columns*^.
University of California, San Diego was one of the first institutions to do research on 
the retrofit of reinforced concrete columns with advanced composites. Seible and 
Priestley ** tested four 12ft rectangular columns with cross section o f 28.7 in. by 19.25 in. 
The specimens consisted of two columns retrofitted with steel jacket and two retrofitted 
with glass-fiber epoxy jacket. The columns were tested both in strong and weak 
directions to determine the level of strength increased by retrofit. The test results showed 
that the advanced composite and steel performed very well, providing a ductility greater 
than 8. The glass fiber epoxy showed little better confinement than steel jacket and found 
to be a suitable retrofit method for reinforced concrete columns.
Xiao et al.*'’, at the University of Southern California (USC), tested three reinforced 
concrete columns at fifty percent scale. The specimens were 8 ft tall, circular columns
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with a diameter of 24 inches. One specimen was tested as-built, and the other two 
specimens were tested with prefabricated reinforced glass fiber composite jackets. Both 
retrofitted columns showed improved hysteretic response and higher ductility than the as- 
built columns.
1.3 Objective
The overall objective o f the research project is to determine whether the Las Vegas 
Downtown Viaduct can withstand a strong earthquake. The downtown viaduct consists of 
a main bridge section with two offramp and one on-ramp structures. In this thesis the 
seismic vulnerability of the two off-ramp bridge columns are investigated. In order to 
evaluate the seismic behavior o f the bridge columns, the shear, moment and deformation 
capacities of the columns are compared with the shear, moment and deformation 
demands resulting fi'om earthquakes. A comparison was made between the demands 
calculated using nonlinear finite element analysis, and the demands calculated using 
seismic provisions of AASHTO, UBC and CALTRANS. The earthquake response of the 
bridge was simulated using the DRAIN-3DX^^ computer program.
Based on the capacity-demand comparison of shear, moment and deformation, the 
final objective is to design the retrofit o f the off-ramp bridge columns using Carbon Fiber 
Reinforced Polymer (CFRP) jackets and Glass Fiber Reinforced Polymer (GFRP) 
jackets.
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CHAPTER 2
DESCRIPTION OF THE OFF-RAMP BRIDGES
2.1 Introductory Remarks
The Nevada Department of Transportation (NDOT) has determined that the Las 
Vegas Downtown Viaduct may be vulnerable to collapse due to a strong earthquake. The 
32-year-old Downtown Viaduct is considered one of the most important bridges in the 
state of Nevada because of its length, the amount o f traffic and the cost to rebuild, if it 
collapses**. The Uniform Building Code (UBC 1997) identifies the Las Vegas area as 
Seismic Zone 2B* ',which implies that the threat of a strong earthquake in the Las Vegas 
area should be taken seriously because it is only a matter of time until it happens**. The 
Las Vegas Downtown Viaduct is located on U.S. Highway 95, near the Las Vegas 
downtown area; Figure 2.1 shows the plan view of the bridge. The downtown viaduct 
consists of a main bridge section with two off-ramp and one on-ramp structures. In this 
research the seismic vulnerability of the two off-ramp structures were investigated.
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Figure 2.1: Plan View of Las Vegas Downtown Viaduct
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82.2 General Descriptions o f the Off-Ramp Bridges
In this research, the off-ramp structures and the columns of each off-ramp are named 
as they appeared on the drawings of the bridges provided by the Nevada Department of 
Transportation (NDOT). Figure 2.2 and Figure 2.3 show the elevation view of the IRWD 
ofif-ramp and 1RWL-2RWL off-ramp respectively.
i ;
j r i - ........ 1 | -
h i  ! ;
.........  i
! i c h  t - t  1 ’
1
1 T ' ;
Figure 2.2 Elevation view of IRWD off-ramp (not to scale)
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Figure 2.3;The Elevation view of 1RWL-2RWL Off-Ramp (not to scale)
The 1 RWD ofif-ramp superstructure is supported by two columns designated as 8WD 
and 9WD, while the 1RWL-2RWL off-ramp superstructure is supported by three 
columns designated as 19WL, 22 WL and 23 WL. The summary of the column details is 
given in Table 2.1.
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Table 2.1 : Summary o f the column detail of IRWD off-ramp and 1RWL-2RWL off­
ramp.
10
Parameters IRWD Off-Ramp 1RWL-2RWL Off-Ramp
Pier
8WD
Pier
9WD
Pier 19WL Pier 22WL Pier 23 WL
Height 
(from the top 
o f footing to 
the bottom of 
deck)
20.5 ft 18.7 ft 27.39 ft 27 ft 23.22
Pedestal No No Yes Yes Yes
Intermediate
Hinge
None There is an intermediate hinge in the deck 
between Pier 22WL and 23 WL
Column
Section
Piers 8WD and 9WD 
have same column 
section
Pier 19WL, 22WL and 23 WL has same 
cross section.
Footing Size Footing Type - G l, 
20’-0” - Length, A 
i r - 3 ”-Width, B 
3’-0” -  Thickness, C
Footing Type- H6 
25’- 3” -Length, A 
12’-0  “ -W id th , B 
3’- 0 “ -Thickness, C
Vertical Steel 
Ratio
0.02068 0.0239
Horizontal 
Steel Ratio
0.00256 0.00225
Column Axial 
Load (on the 
top of the 
column from 
Deck)
Pier 8WD - 57.3Kips
Pier 9 W D -534.1 
Kips
Pier 19WL -  736.556 Kips 
Pier 22 WL - 802.691 Kips 
Pier 23 W L - 739.97 Kips
The Columns of IRWD off-ramp share the same cross section and no pedestals. The 
columns of 1RWL-2RWL off-ramp also share the same cross section, but the columns 
have pedestal at the bottom where they are connected to the footing. However, the cross
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
11
section of an IRWD column is different than an 1RWL-2RWL column. Figure 2.4 and 
Figure 2.5 show the cross sections o f the columns of IRWD and 1RWL-2RWL off-ramps 
respectively.
0
#5(8)12"
#11
#5(g)12"
Figure 2.4 : Cross Section A-A o f 8WD and 9WD Columns of IRWD Off-Ramp 
(drawing not to scale).
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 1 0 ----------------------------------
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#5 @12"
6"^
r-6"
— , 4'
l'-6 "
. . . .
6 "
Figure 2.5 : Cross section A-A of 19WL,22WL and 23 WL Columns of 1RWL-2RWL 
Off-Ramp (drawing not to scale).
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1... 1
Figure 2.6: Cross Section of IRWD Off-Ramp Bridge Deck (reinforcement not 
shown, drawing not to scale)
T T
Figure 2.7: Cross Section o f 1RWL-2RWL Off-Ramp Bridge Deck 
(reinforcement not shown, drawing not to scale)
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The columns are connected to their footing by a series of dowels placed in a row. As 
a result the columns act as a one-way hinge in direction o f the length of the bridge, which 
is named as longitudinal direction or weak direction of the column in this research. 
Similarly, the direction perpendicular to the length of the bridge is named as transverse 
direction or strong direction o f the columns. All the columns are considered as fix 
connected at the bottom to the footing and pin connected at top to the superstructure in 
the transverse or strong direction, while in the longitudinal or weak direction the columns 
are considered pin connected at the bottom to the footing and fix connected at top to the 
superstructure. Figure 2.8 and 2.9 shows the layout of longitudinal bars along the length 
of the column and dowels connecting the column to the footing for IRWD and IRWL- 
2RWL off-ramp respectively.
The longitudinal reinforcement in the columns are #11 steel bars; there are no lap 
splices in the bars. Steel bar size # 11 is used as dowels. The minimum development 
length, according to ACI, for # 11 bar, category A, with 5000 psi concrete is 39.9 
inches^^. The dowels fi-om the footing continued into the columns to a length greater than 
the required development length. Rebar size #5 was provided at 12 inch spacing along the 
length of the column as ties. Concrete used in the construction of the columns and bridge 
deck had a compressive strength of 5000 psi. The yield strength of the steel used in the 
columns is 44,000 psi. All the column foundation are rectangular spread footing. For 
IRWD columns, the dimensions of the footing are 20 ft x 11.25 ft x 3.0 ft., while the 
1RWL-2RWL columns has footings of size, 25.25 ft. x 12 ft x 3.0 ft. The foundation soil 
profiles are determined based on the subsoil investigation report provided by Nevada 
Department o f Transportation.
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Figure 2.8; Longitudinal bar placement along the length of the IRWD ofif-ramp 
columns and a series of dowels in a row connecting the column to the 
footing.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
16
C OL UMN T O  
D E C K
C OL UMN T O  
P E D E S T A L  L
F O O T I N G  T O  
P E D E S T A L
Figure 2.9: Longitudinal bar placement along the length of the 1RWL-2RWL off­
ramp columns and a series of dowels in a row connecting the column and 
pedestal to the footing.
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Figure 2.10: Detail o f  hinges on top of the footings o f IRWD ofif-ramp
C l  C o l  L C o o  Til',:
I-
_i. L
Figure 2.11: Detail o f  hinges on top of the footings of 1RWL-2RWL ofif-ramp.
Details of the columns, hinges, and bridge decks of the ofif-ramps are attached in the 
Appendix A.
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CHAPTER 3
EVALUATON OF EXISTING COLUMNS
3.1 Introductory Remarks
The two off-ramp bridge structures,IRWD and 1RWL-2RWL are supported on 
reinforced concrete columns. The moment, shear and deformation capacities of the 
columns are determined to compare with the maximum moment, shear and deformation 
demands produced by a strong ground motion. In order to determine the moment and 
shear capacities of the columns, a computer program called RCMC'^ is used. RCMC is a 
computer program for moment-curvature analysis of confined and unconfined reinforced 
concrete sections. RCMC was developed by the Center for Civil Engineering Earthquake 
Research (CCEER) at University of Nevada, Reno (Wehbe and Saiidi,1999)’‘. RCMC is 
widely used for moment curvature analysis of reinforced concrete cross section by the 
Nevada Department of Transportation (NDOT) and the Center for Civil Engineering 
Earthquake Research (CCEER) at University o f Nevada, Reno.
3.2 Background of RCMC Program.
The moment-curvature analysis of reinforced concrete cross sections is based on the 
equilibrium o f forces and compatibility of strains. According to the manual of RCMC 
vl.2 (Wehbe and Saiidi,1999)*'*, the moment-curvature problem is reduced to finding a
18
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strain profile for the cross section that would rest in equilibrium between the eccentrically 
applied axial load and the internal forces in concrete and steel. The strain profiOie resulting 
in equilibrium of forces is used to calculate the ciuvature. The corresponding moment is 
then foimd by summing the forces developed in the cross section about the cross sections 
plastic centroidal axis. A complete curvature profile is found by repeating the process 
under different strain levels at the cross section extremes until a failure criterion is met 
(Wehbe and et ai. 1999) '^'. The detailed procedures on how to obtain moment-curvature 
relationships can be found in the RCMC manual v.1.2(1999) and in many books dealing 
with reinforced concrete theory and analysis (Park and Paulay,1975)'*. According to the 
RCMC manual (1999)''* and the unconfined concrete stress-strain relationship using the 
Kent and Park (1975)'® concrete model is represented in Figure 3-1.
The variables needed to define the curve are the following: 
f 'c  = unconfined concrete compressive strength.
£c=  strain at concrete strength. This value is usually considered to be 0.002 for normal 
strength concrete.
= crushing strain of tmconfined concrete 
The computer program RCMC allows the user to use one of two widely used models to 
describe the stress-strain curve of confined concrete. The two models are the modified 
Kent and Park model and the modified Mander et al. model (Park and Paulay,1975)'*.
The variables needed to describe the modified Kent and Park model are as follows.: 
fe e  -  confined concrete compressive strength =
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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f c  4
f c  = / ’ 0.002 10.002
0.2/
£,
e c = 0.002
Figure 3-1 : The Kent and Park Model’* for Unconfined Concrete
S  cc
K
strain at confined strength = ke \
confined concrete ultimate strain limit beyond which the confined concrete is 
considered to have crushed
multiplier that depends on amount of confinement steel
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0.002 10.002
f  cc — k f  I
Figure 3-2 : The Modified Kent and Park Model’* for Confined Concrete
In the Mander et al. (1988)^° model, described in the RCMC program (Wehbe and 
Saiidi,1995)’\  the stress-strain curve is a parabola (Popovics,1973) that is described by 
the following equation :
f c  -
f 'c c x r
r - \ - x '
(3-1)
where
S  cc
(3-2)
r = -
E, =57000V /V  (psi)
Ct-3)
(3-4)
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In the above equations,
= confined concrete compressive strength 
/  c = unconfined concrete compressive strength 
s'a = strain at confined strength
Ecu = ultimate strain (crushing strain)
Figure 3-3 shows the Mander et al/° model
f c
sec
S e c
Figure 3-3 : The Mander et al. Model'i20
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3.3 Column Moment Capacity Using RCMC
There are two columns in the first oflF-ramp, IRWD, and three columns on the second 
ofif-ramp, IRWL & 2RWL. The names o f the ramps are defined in the chapter 2.
Columns of the two ofif-ramps are dififerent, but both the columns of IRWD have the 
same cross section and all three columns on the 1RWL-2RWL have the same cross 
sectional shape. Moment capacity using RCMC analysis of the column cross sections 
were performed in both the strong and weak directions. The Columns of IRWD ofif-ramp 
do not have pedestal but the columns of the other ofif-ramp (1RWL-2RWL) have 
pedestal. Details of the column cross sections are presented in chapter 2.
For the IRWD ofif-ramp columns, the strong direction moment-curvature (using 
RCMC) analysis was performed by using the column cross section at the bottom of the 
column, while for the same column weak direction moment-curvature analysis was 
performed by using column cross section at the top o f the column. All the columns in 
both ofif-ramps are hinged, using a key construction, at the bottom with the footing, in 
longitudinal direction. However, they are fixed on the bottom and hinged on top in the 
transverse direction of the column. So, the maximum moment is likely to occur during an 
earthquake at the bottom of the column in the strong direction and at the top of the 
column in the weak direction. Figure 3.4 and Figure 3.5 show the IRWD column cross 
sections used in both the strong and weak directions respectively.
For 1RWL-2RWL ofif-ramp, the columns have pedestal .The pedestal is attached by a 
key to the footing. For the strong direction RCMC analysis o f 1RWL-2RWL ofif-ramp 
columns, the cross section of the column at the key, where it is connected to the footing is 
used, while in the weak direction RCMC analysis, the cross section at the top of the
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Figure 3-7 ;1RWL-2RWL off-ramp column cross section at the for RCMC analysis in the 
strong direction (all dimensions are in inches)
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column is used. Figure 3-6 and Figure 3-7 show the cross sections of 1RWL-2RWL off­
ramp columns in strong and weak direction respectively.
RCMC analysis input and output files for all the columns are attached in the 
Appendix. The moment-curvature plots for IRWD ofiFramp columns in strong and weak 
directions are show in Figure 3-8 and Figure 3-9 respectively. The moment-curvature 
plots of 1RWL-2RWL ofif-ramp columns in strong and weak directions are shown in 
Figure 3-10 and Figure 3-11 respectively.
140000
120000
100000
L  80000
RCMC60000
40000 —  ““ PerfBctly Plastic
20000
-  -  Bilinear
0 2E-05 4E-05 6E-05 8E-05 0.0001 0.0001 0.0001 0.0002
Curvature (radian)
Figure 3.8: Moment curvature plot o f IRWD column in strong direction using RCMC.
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Figure 3.9: Moment curvature plot o f IRWD column in weak direction using RCMC
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Figure 3.10: Moment curvature plot of 1RWL-2RWL column in strong direction using 
RCMC
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Figure 3.11 : Moment curvature plot of 1RWL-2RWL column in weak direction using 
RCMC program.
The maximum plastic moment and displacement capacities of the columns in strong 
and weak directions are determined from the output o f RCMC program. The results are 
shown in Table 3-1.
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Table 3-1 : Maximum moment and displacement capacities of the columns determined 
using RCMC program.
Name of the 
Off-Ramp
Name of the 
Column
Maximum 
Moment in 
Strong 
Direction 
(kip-ft)
Maximum 
Moment in 
Weak 
Direction (kip-
ft)
Displacement 
in strong 
Direction 
(inch)
Displaceme 
nt in Weak 
Direction 
(inch)
IRWD
8WD 10590 4702 1.60 3.39
9WD 10590 4702 1.35 2.86
19WL 22119 7090 1.32 5.84
IRWL-
2RWL
22WL 22119
7090
1.29 5.68
23WL 22119 7090 0.98 4.29
3.4 Shear Capacities o f the Columns
The shear strength of the columns of both off-ramp structures is very important to 
determine. Due to strong ground motions, the columns might experience a brittle shear 
failure mode. Therefore, the shear strength of the columns was determined to compare 
with the shear demand during earthquakes. In this research three different methods were
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
used to determine the shear capacity of the off-ramp bridge columns: (1) C ALTRANS'*, 
(2) FHWA^ and (3) Wehbe^^ methods.
3.4.1 CALTRANS method
According to the seismic design criteria of CALTRANS(1999)\ the nominal shear 
capacity (F„ ) for ductile concrete members is
(3-6)
Where,
= concrete nominal shear capacity 
Fj = steel nominal shear capacity 
The shear capacity of steel and concrete is
(lbs) (3-7)
s
K = F ,.F ,.47^.A , < 4y[f7.A, (lbs) (3-8)
Where,
A^ = Area of shear reinforcement
fy  = yield strength of shear reinforcement
d  = distance from extreme concrete compression fiber to the centroid of tension
reinforcement
5 = spacing of shear reinforcement parallel to main reinforcement 
jF, = factor that depends on level of confinement and displacement ductility (need not be
taken less than 0.3)
Fj = factor that depends on the applied compressive axial stress
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Ag = effective concrete area (greater than or equal to 80% of gross area)
F, = 0 .3 < ^ ^ ^ + 3 .6 7 - / /^  <3 (3-8)
Where,
p ,  = volume of transverse reinforcement /volume of column core 
f  y/, = yield strength of transverse reinforcement
= displacement ductility demand ratio = 6 (used in this research)
= compressive axial force
3.4.2 FHWA Method
According to FHWA^and CCEER report (No. 00-4,2000)^*, the nominal shear 
capacity for a concrete column is
V^=K+V, + V  ^ (3-10)
Where,
F,. = shear force carried by concrete
F, = shear force carried by truss action (lateral reinforcement)
Vp = lateral component o f compression strut in the column due to the applied axial load
(arch action)
The shear capacity of concrete is
Fc ='^c'Ae -^•'Jfc-A,. (3-11)
Where,
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k = 0.29 in Mpa units when //^ < 2 and 0.1 in Mpa units when //^ > 4 
/  c = concrete compressive strength = 34475 kpa 
A,,= 80% of the gross cross-section area
Eqn.3-12 shows the shear capacity of the transverse reinforcement. 
A,.fy.d^
V. = cot(g) (3-12)
Where,
= area of shear reinforcement 
fy  = yield strength o f shear reinforcement
d = distance from extreme concrete compression fiber to the centroid of tension 
reinforcement.
s = spacing o f shear reinforcement parallel to main reinforcement 
6 = angle of shear crack
The FHWA recommends a shear crack angle of ^  = 30“ be considered. However, 
CALTRANS and the ACI code suggested an angle of ^ = 45“ .
The shear resistance due to axial load {Vp ) is found from the horizontal component of 
that forms between the top and bottom o f the column, as shown in Eqn.3-13. FHWA 
recommends that axial load terms ) be taken as 20 percent of the applied axial load.
c ) ] p  (3-13)
2.0 
Where,
D = section depth or diameter
c = depth of compressive zone at the bottom of the column
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a = total column length for a cantilever column (fîxed-pinned)
P = applied axial load
3.4.3 Wehbe Method
This method is a hybrid o f the CALTRANS and FHWA methods (Saiidi et 
al.,2000)^®.ln this method the nominal shear capacity combines the concrete ) and the
steel reinforcement ) terms from the CALTRANS method, and the term ) from the
FHWA method. The nominal shear capacity is
where,
Vc = shear capacity o f concrete 
Vs = shear capacity of ties
Vp = lateral component of compression strut in the column due to the applied axial load
(arch action)
3.4.4 Shear Capacity Results
The shear capacities o f the columns were calculated using all the three methods 
mentioned above and are presented in the Table 3-2. The maximum shear capacity was 
found from FHWA formulas while the minimum shear capacity was found from the 
CALTRANS formula. The CALTRANS and Wehbe methods gave almost identical 
values for shear capacity. FHWA values are about 63% higher the shear values obtained 
by other two methods. In all cases the shear capacity of IRWD columns are smaller than 
the shear capacity of 1RWL-2RWL columns. This is because IRWD columns have 
smaller cross sections and axial loads than 1RWL-2RWL columns.
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Table 3.2; Maximum shear capacity o f the columns using CALTRANS, FHWA and 
Wehbe methods
36
Name of 
the Off- 
Ramp
Name of the 
Column
Axial Load 
on the 
Column (kip)
Shear Capacity (kip)
CALTRANS FHWA Wehbe
IRWD 8WD 557 220.0 360.3 220.3
9WD 534 219.8 364.2 220.2
IRWL-
2RWL
19WL 737 269.8 447.1 270.2
22 WL 803 269.8 457.0 270.2
23WL 740 269.8 464.5 270.3
3.5 Comparison of The Column Designs with Code Requirements 
The role o f confinement steel in improving the ductility of concrete members is well 
understood. Failure of bridge columns in strong earthquakes during the past decade has 
intensified the effort towards more robust confinement steel design (Saiidi and et 
al.,2000)'^. Realizing the importance of confinement steel in concrete columns, the 
confinement steel in the existing columns of the both off-ramp structures was calculated. 
Confinement steel requirements were calculated, for the same columns, using the 
American Concrete Institute (ACI 318-95)^, American Association of State Highway and 
Transportation Officials (AASHT01996)^, Advanced Technology Council (ATC-32)^ 
and California Department of Transportation (CALTRANS)'* codes. Minimum spacing 
requirements are also determined according to the codes. Table 3-3 shows comparison 
between the various existing design for the IRWD off-ramp structure columns and ACI, 
AASHTO, ATC-32, and CALTRANS requirements for the confinement steel areas Ash, 
and spacing o f ties or spirals.
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Table 3-3 : Comparison of IRWD column design with the requirements of ACI, AASHTO, ATC-32 and CALTRANS.
Analysis for IRWD Columns ACI (318-95) AASHTO ATC-32 CALTRANS
Required Ash ( in plastic 
hinge region, 12" spacing is 
used), inch
4.966364 4.966364 C ol8W D -3.215588, Col 9W D -3.19812
Col 8WD - 
2.701479, Col 
9WD - 2.962465
Maximum spacing (according 
to codes)
4" in the plastic hinge 
region and 6" outside 
plastic hinge region
4" in the plastic hinge region 
and 12" outside plastic hinge 
region
5" maximum (not 
specified whether in 
plastic or outside plastic 
hinge region)
5" maximum 
spacing outside 
plastic hinge 
region
Spacing provided #5 @12 inch. ( not satisfied)
#5 @12 inch. ( satisfied for 
outside plastic hinge region)
#5 @12 inch. ( not 
satisfied)
#5 @12 inch. ( not 
satisfied)
Required Ash in plastic hinge 
region with maximum spacing 
recommended by code
1.655455 1.655455 Col 8 WD - 1.339828, Col 9WD- 1.33255
Required A sh, outside plastic 
hinge region with maximum 
spacing recommended by 
code,inch^
2.483182 4.966364
Col 8WD - 
1.25616, Col 9WD 
- 1.12186
Comments Code requirements are not satisfied
Code requirements are not 
satisfied
Code requirements are 
not satisfied
Code requirements 
are not satisfied
Existing area of horizontal steel. Ash, Provided in the strong direction is 0.61 inch .^ 
Existing area of horizontal steel. Ash, Provided in the weak direction is 0.748 inch .^
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Table 3-4 : Comparison of 1RWL-2RWL columns design with the requirements o f ACI, AASHTO, ATC-32 and CALTRANS.
Analysis 1RWL-2RWL 
Columns ACI( 318-95)
AASHTO ATC-32 CALTRANS
Required Ash ( in plastic 
hinge region, 12" spacing is 
used),inch^.
5.224909 5.224909
Col 19WL-3.535354, 
Col 22WL- 3.55998, 
Col 23WL- 3.536292
Col 19WL- 2.842984, 
Col 22WL- 2.863628, 
Col 23WL- 2.843922
Maximum spacing 
(according to code
4" in the plastic hinge 
region and 6" outside 
plastic hinge region
4" in the plastic hinge region 
and 12" outside plastic hinge 
region
5" maximum (not 
specified whether in 
plastic or outside plastic 
hinge region)
5" maximum spacing 
outside plastic hinge 
region
Spacing provided #5 @12 inch. ( not satisfied)
#5 @12 inch. ( satisfied for 
outside plastic hinge region)
#5 @12 inch. ( not 
satisfied)
#5 @12 inch. ( not 
satisfied)
Required Ash in plastic hinge 
region with maximum 
spacing recommended by 
code,inch^
1.741636(4"
spacing) 1.741636(4" spacing)
Col 19WL- 1.473064, 
Col 22WL- 1.48666, 
Col 23 WL- 1.473455 
( for 5" spacing)
Required Ash outside plastic 
hinge region with maximum 
spacing recommended by 
code,inch^
2.612455 (6" 
spacing) 5.224909 (12" spacing)
Col 19WL- 1.184577, 
Col 22WL- 1.193048, 
Col 23 WL- 1.184968 
(for 5" spacing)
Comments Code requirements are not satisfied
Code requirements are not 
satisfied
Code requirements are 
not satisfied
Code requirements are 
not satisfied
Existing area of horizontal steel, Ash, Provided in the strong direction is 0.61 inch .^ 
Existing area of horizontal steel. Ash, Provided in the weak direction is 0.748 inch .^
Woo
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Similarly, Table 3-4 shows comparison between various existing designs for the IRWL- 
2RWL off-ramp structure columns and ACI, AASHTO, ATC-32, and CALTRANS 
requirements for confinement steel areas Ash ,and spacing o f ties or spirals.
The column designs of both off-ramp bridge structures, did not meet all the minimum 
requirements for confinement steel and tie spacing according to ACI, AASHTO, ATC-32 
and CALTRANS. So, all the columns of both off-ramp structures have insufficient 
confinement steel and will require a separate retrofit analysis to meet the code 
requirements for concrete bridges in seismic Zone IIB.
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CHAPTER 4
SHEAR AND MOMENT DEMANDS ON THE SUPPORTING COLUMNS USING
UBC AND AASHTO METHOD
4.1 Introductory Remarks
The objective o f this research was to determine whether the off ramp bridge 
structures could withstand a strong earthquake motion. In this chapter the maximum 
shear, moment and deformation demands 0 the bridge columns due to strong motion 
earthquakes were calculated and compared to the capacities of the columns. The bridge 
was constructed in late 1960s. Since the construction of the bridge, there has been major 
advancement in earthquake engineering. For this research the shear, moment and 
deformation demands were calculated, using the seismic provisions of the Uniform 
Building Code (UBC 1997)", and American Association of State Highway and 
Transportation Officials (AASHTO 1996)'.
4.2 UBC 1997 Provisions
The Las Vegas area is considered to fall into seismic zone 2B(UBC,1997)" . The primary 
objective of this analysis is to determine the increased shear and moment demands on the 
bridge columns during a Zone 2B intensity earthquake. Dynamic analysis o f the
40
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structures using the seismic provisions o f the Uniform Building Code(UBC,1997)" is 
recommended by the Nevada Department o f Transportation (NDOT).
4.2.1 Dynamic Analysis o f the Bridge:
The mathematical model o f the bridge considered all elements of the lateral force 
resisting system (columns) and represented the spatial distribution of the mass, inertia 
and stifihess o f the structure and all of its elements as required by UBC97" provisions
1630.1.2 and 1631.3. A full scale dynamic analysis was performed along with the 
complete response spectral analysis (William, 1998)'°. Two off ramp structures were 
analyzed separately. For each off ramp, the total mass o f the bridge deck and its mass 
moment o f inertia were considered in the analysis. The lateral forces and natural periods 
of vibration of the bridge structure were calculated by matrix structural analysis'"'^. Two 
degrees o f freedom, a lateral displacement vector [X] and a normal rotation [0] vector 
were applied at the center of the bridge mass. The model is shown in Figure 4.1.
Figure 4.1 ; Finite Element Idealization of The Bridge
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Structural stiffiiess values o f fixed/pinned columns, k, and kz in both strong (y) and weak
(x) direction, were obtained from the elastic analysis of the structure as follow.
kix = 3Ei liy/Li^ (4-1)
kiy = 3EiIix/Li^ (4-2)
Where,
Ei = Modulus of elasticity o f concrete, kips per square inch 
hx = Moment of inertia about longitudinal axis, inch'*
Ijy = Moment of inertia about transverse axis, inch'*
Li = Length of the column, inch
For each off ramp structure, the stiflfiiess matrix associated with degrees of freedom is
[K] =
K1+K2 - a(K2"Ki)/2
- a(K2-K,)/2 a‘(K,+K2)/4
(4-3)
Mass matrix of the structure is defined as.
[M] M
0
0
Jm
(4-4)
[K]-Wx^[M] {0 }, the eigen value equation
Dynamic equations o f equilibrium are,
[M ]{f} + [X]{X} = 0
[M]{y}+[X]{y} = o
(4-5)
(4-6)
(4-7)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
43
where.
m - f  | .  # - l f l  w  g
M = W/ g , Jm= W(L^ + B^)/12g, g = 386.4 inch/ second^(9.81 m/sec^)
[K], (kip/inch), [M] (kip. Sec^/inch) and w^and Wy are stifi&iess matrix, mass matrix and 
the circular frequency of the structure respectively.
A full eigen value and eigen vector analysis were performed to determined the natural 
modes and frequencies of the structure using Equation, 4-6 and 4-7 as shown by William 
(1998)'°. Results were used to perform a full scale response spectral analysis of the 
bridge. Table 4.2 shows the angular frequencies and periods of the off-ramp structures in 
the transverse direction, while Equation 4-7 for the frequency in the longitudinal 
direction was used for the AASHTO method in section 4.3.
4.2.2 Foundation Soil Classification:
According to the subsoil investigation report provided by NDOT, the foundation 
soil type of the off-ramp bridges fall into Stiff Soil Profile category, SD (UBC, 1997)". 
Site specific response spectra has been constructed following UBC(1997) guide lines for 
seismic zone 2B, and stiff soil profile(SD). Table 4.1 shows the stiffiiess of the columns 
and moment of inertia about both strong and weak axis. Table 4.2 shows the angular 
frequencies and periods of the off-ramp structures. The complete modal spectra response 
analysis used on the off-ramp bridges shown in section 4.2.3.
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Table 4.1 : Stiffiiess and Moment o f Inertia o f the Columns
Name of the 
Columns on the 
Off-Ramp 
Structures
Stif&iess/Kx, Ky,( Kip/inch) Moment of Inertia/1 x. ly (in'*)
Strong
Direction
(transverse
direction)
Weak Direction 
(longitudinal 
direction)
Strong
Direction
(transverse
direction),
(10")
Weak
Direction
(longitudinal
direction).
(10")
8WD 1126.98 299.66 155.3 41.3
9WD 1484.75 394.79 155.3 41.3
19WL 1358.86 171.62 446.8 56.4
22WL 1418.60 179.16 446.8 56.4
23 WL 2230.31 281.67 446.8 56.4
Table 4.2:Modes Periods and Angular Frequencies for IRWD and 1RWL-2RWL Off- 
Ramp Bridges.
Off-Ramp Parameters Mode 1x Mode2x Mode ly
1RWD
Period (second) 0.377 0.242 0.47
Angular Frequency 
(radian/sec) 16.64 25.93 13.28
1RWL-2RWL
Period (second) 0.257 0.236 0.78
Angular Frequency 
(radian/sec) 24.44 26.59 8.02
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4.2.3 UBC(1997) Spectral Response Analysis
Figure 4.3 shows the design response spectra curve, constructed according to 
UBC97 provision 1631.2 and figure 16-3 o f the code, for stiff soil profiles in seismic 
zone 2B. The parameters used in the constructon of these curves are shown in Table 4.3. 
The control periods Ts = Cv/2.5Ca and To = 0.2 Ts define the two peak values of the 
spectral acceleration curves, while Ca defines the intercept at period zero. The hyperbolic 
portion of the curve for the period T> Ts is defined by Sa = Cy/T where. Sa is the spectral 
acceleration (%g). The spectral acceleration design response curve shown are used to 
determine the S, values associated with the natural periods o f the stmcture (T, and Tz) 
for mode 1 and mode 2, as calculated from the eigen value analysis.
4.2.4 Matrix Structural Dynamics
The matrix analysis of the bridge structures were done by using the methods and formula 
shown by Williams(1998)'°. The formulae used for matrix analysis of the bridge 
structures are as follow.
For un-damped free vibrations
{0}= [M]{x}+ [K]{x} (4.8)
For simple harmonic motion, this reduces to
{ 0 } = ( [K ] - w2[M ]){x} (4.9)
Thus, the frequency determinant is
[K] -  w2 [M] = 0 (4.10)
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Table 4.3; Design Parameters for UBC 1997 Response Spectra Construction.
Seismic Zone Soil Type
Z Spectra Response Parameter
Cv Na Nv To Ts
Zone-2B SA 0.200 0.640 1.500 2.000 0.107 0.533
Zone-2B SD 0.200 1.280 1.500 2.000 0.155 0.776
g = Acceleration due to gravity = 386.4 inch / square inch
Z = Seismic zone factor
T = Natural period (second)
Sa = Spectral acceleration (inch /square second)
Cv = Seismic coefficient,UBC97 Table 16-R
Ca = Seismic coefficient,UBC 97 Table 16-Q
Na = Near source factor, UBC 97 Table 16-S
Nv = Near source factor, UBC 97 Table 16-T
SD = Stiff soil profile
SA = Hard rock soil profile
To and Ts = Control periods (seconds), UBC 97 Figure 16-3
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1.8
1.6
1.4 -!
_  1.2  -
■UBC97 Soil Type, SD = Stiff Soil Profile
Large Magnitude Events, Seismic Source 
TypeA
Damping Ratio =0.05
Distance To Seismic Source < 2 km
2=0.2 for Zone 2B<  0.8
0.4 T2
0.2 4
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Period (Seconds)
Figure 4.2: UBC 97 design response spectra for stiff soil profile (SD) in seismic zone- 
26
The participation factors, for a multiple-degree-of-freedom system, are defined in matrix 
notation by
(4.11)
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{P}= Column Vector of participation factors for all modes considered 
{F}= mode shape matrix or eigenvectors 
{!}= column vector of ones
[M] = mass matrix, the diagonal matrix o f lumped masses 
{F}T[M]{ F} = modal mass matrix
The matrix o f maximum node displacements is defined in matrix notation by 
[x] = [F][P][Sa]/[w2] (4.12)
where,
[P] = diagonal matrix of participation factors 
[Sa] = diagonal matrix of spectral accelerations 
[w2] = diagonal matrix of modal firequencies
The matrix o f lateral forces at each node of the system is given by Newton’s second law 
of motion as follow.
[F] = [K][x] (4.13)
where,
[F] = force vector
[K] = stifi&iess matrix
[x] = displacement vector
Detml calculations are shown in Appendix
4.2.5 UBC Analysis Results
From the dynamic analysis, resultant base shear forces on the columns are calculated in 
two orthogonal directions, the transverse direction (strong) and the longitudinal (weak). 
The values are shown in Table 4.4. For transverse direction, the absolute maximum base
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shear was calculated by using the square root of the sum of the squares o f the similar 
values (rotation and translation), ( Cough, 1993)’.
Table 4.5 shows the base shear and moment on the columns after dividing each value of 
Table 4.4 by Response Modification Factor R. The value of Response Modification 
Factor is taken as 3, which the same value used in AASHTO Analysis.
Shear and moment demand on the bridge columns according to the seismic provision of 
Uniform Building Code (1997) are compared with the shear and moment capacity of the 
columns( calculated in the chapter 2). In all cases the demands before dividing by R, are 
higher than the capacity of the columns. So, all the columns of the oft* ramp bridge 
structures are in severe risk of failure due to an earthquake according to the new seismic 
provision o f  UBC(1997).
Table 4.4 : Shear, moment and displacement demands on the bridge columns due to 
earthquake, calculated using seismic provision of UBC 1997
Name 
of the 
Oft: 
Ramps
Name of 
the 
Columns
Shear Demand (kip) Moment E emand (kip-
ft)
Displacement (inch)
Strong
Direction
(transverse
direction)
Weak 
Direction 
(longitudina 
1 direction)
Strong
Direction
(transverse
direction)
Weak
Direction
(longitudinal
direction)
Strong
Direction
(transverse
direction)
Weak
Direction
(longitudi
nal
direction)
IRWD
8WD 420 390 8610 7995 0.498 1.534
9WD 652 373 12192 6975 0.289 1.534
IRWL
2RWL
19WL 457 453 12517 12408 0.446 4.195
22WL 601 561 16227 15147 0.306 4.195
23WL 517 517 12005 12005 0.232 1.839
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Table 4.5: Shear, moment demands after dividing the values of Table 4.4 by response 
modification factor R=3.
Name 
of the 
Off- 
Ramps
Name of 
the 
Columns
Shear Demand (kip) Moment Demand (kip-ft) Displacements (inch)
Strong
Direction
(transverse
direction)
Weak
Direction
(longitudinal
direction)
Strong
Direction
(transverse
direction)
Weak
Direction
(longitudi
nal
direction)
Strong
Direction
(transvers
e
direction)
Weak
Direction
(longitudi
nal
direction)
IRWD 8WD 140 130 2870 2665 0.50 1.539WD 217 124 4064 2325 0.29 1.53
IRWL-
2RWL
19WL 152 151 4172 4136 0.45 4.19
22 WL 200 187 5409 5049 0.31 4.19
23 WL 172 172 4002 4002 0.23 1.84
4.3 AASHTO Provisions
In this section the force and displacement demands on the off-ramp bridge 
columns are shown using the seismic provisions of American Association o f State 
Highway and Transportation Officials(AASHTO1996) ' .  According to AASHTO(1996)', 
the seismic provisions apply to the bridges of conventional steel and concrete girder and 
box girder construction with spans not exceeding SOOft.The investigated off-ramps are 
less than 500ft in length. For Las Vegas region, the acceleration coefficient is 0.17, 
determined from figure 1-5 and 3.2 of seismic design division I-A, of AASHTO(1996)’. 
Importance classification is 1 for essential bridges, according to section 3.3 of 
AASHTO(1996). Each bridge shall be assigned to one o f the four seismic performance 
categories (SPC), based on the acceleration coefGcient and the importance classification
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
51
(AASHTO 1996)’. From table 3.4 of AASHTO (1996), the seismic performance category 
of the off-ramp bridges falls into Category B.
4.3.1 Foundation Soil Profile
In section 3.3 of AASHT0(1996), soil profile type III is soft to medium-stiff 
clays and sands, characterized by 30ft or more of soft to medium-stiff clays with or 
without intervening layers of sand or other cohesionless soils. According to the NDOT 
provided subsurface investigation, the foundation soil profile underneath the columns of 
the bridges fall into Soil Profile Type III of AASHTO (1996) soil classification. The site 
coefficient (S) value for Soil Profile Type III is 1.5 from Table 3.5.1 of AASHTO (1996).
4.3.2 Elastic Seismic Response Coefficient for Multi modal Analysis 
According to AASHTO (1996), section 3.6.2, the elastic seismic response
coefficient for mode”m”, Csm, shall be determined in accordance with following formula: 
Cs= 1.2AS/(Tm^) (4.14)
Where,
Tm = period of the m“' mode of vibration.
A = acceleration coefficient from article 3.2 o f AASHTO (1996)
S = the dimensionless coefficient for the soil profile characteristics of the site as given in 
Article 3.5, AASHTO (1996).The value of Cm need to exceed 2.5A. For Type II or Type 
IV soils in areas where coefficient A > 0.30, Cm need not exceed 2.0A
4.3.3 Response Modification Factor
According to article 3.7, AASHTO( 1996)’, the seismic design forces of individual 
members and connections of bridges classified as SPC(seismic performance category) 
B,C, or D are determined by dividing the elastic forces by the appropriate response
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modification factor (R ), as specified in article 6.2 or 7.2 o f AASHTO(1996). The 
response modification factors are given in table 3.7 of AASHTO(1996). For analysis of 
the oflF-ramp bridges, The Response modification factor (R) was chosen as 3 for single 
columns fi’om table 3.7 of AASHTO (1996).
4.3.4 Analysis Method
The selection of analysis method was done by following the guidelines provided 
in article 4.2 of AASHTO (1996). Minimum requirements for the selection o f an analysis 
method for a particular bridge type are given in table 4.2A, AASHTO (1996). The 
applicability was determined by the regularity of a bridge which is a fimction of the 
number of spans and the distribution of weight and stifi&iess (AASHT01996)’. The off­
ramp bridges are seismic performance category B and number of spans is less than six. 
From table 4.2A of AASHTO (1996), minimum analysis requirement is procedure 1 or 2. 
The procedures are defined in section 4.1 of AASHTO(1996). For this research, 
procedure 1 was used for analysis o f the off-ramp bridges. The decks of the bridges were 
assumed to be rigid. Procedure 1 is called Uniform Load Method and the analysis is 
shown in next section.
4.3.5 Analysis of the Off-Ramp Bridges
The uniform load method is used for both transverse and longitudinal direction. 
Transverse direction is the strong direction of the bridge columns and longitudinal is the 
weak direction of the columns supporting the bridge deck. The uniform load method is 
essentially an equivalent static method o f analysis which uses a uniform lateral load to 
approximate the effect o f seismic load, section 4.3, AASHTO(1996).
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The stififtiesses o f the columns were calculated both in strong and weak direction. 
Structural stifi&iess values of columns are obtained from the formula (assuming fixed- 
pinned end conditions with lateral translation possible),
K i  =  3 E i I j / L i ^  ( 4 . 1 5 )
Where,
Ei = Modulus of elasticity of concrete, kips per square inch 
li = Moment of inertia, inch'’
Lj = Length o f the column, inches.
Table 4.1 shows the stiffness and moment of inertia of the columns both in strong and 
weak directions.
Periods of the structures are calculated using Equation 4-3, AASHTO (1996).
T = 2xnx(K/M )°-^ (4.16)
Where,
T = period of vibration in each direction, second.
K = stifi&iess of the structure, kip-inch.
M = mass of the structure, kip-second’ /feet
Circular frequency and periods of the off-ramp structures are show in Table 4.6.
Table 4.6: Angular frequencies and periods of vibrations of the off-ramps.
Name of the 
Off-Ramp 
Structures
Angular Frequencies 
(radian/second) Periods (second)
Strong Direction 
(transverse 
direction)
Weak Direction 
(longitudinal 
direction)
Strong Direction 
(transverse 
direction)
Weak Direction 
(longitudinal 
direction)
IRWD 25.75 13.28 0.24 0.47
IRWL 22.60 8.02 0.28 0.78
2RWL 33.62 11.95 0.17 0.53
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Equivalent static earthquake loading, Pg, is calculated by Equation 4-4, AASHTO(1996)
P e - C s - —  (4-17)
Where,
Pe = equivalent uniform static seismic loading per unit length of bridge apphed to 
represent the primary mode of vibration.
Cs = dimensionless elastic seismic response coefficient calculated from Equation 4.9.
W = weight o f the bridge
L = length of the bridge
Detailed calculations are shown in Appendix
According to section 4.3 o f AASHTO(1996), the uniform loading Po is applied over the 
length of the bridge. Po=l-0 kip per unit length of the bride. Static displacement Vs, due 
to Po is calculated. Then, displacement due to equivalent earthquake loading, Pe, is 
calculated by following formula.
V e = V s . ( P e / P o )  ( 4 - 1 8 )
Where,
Ve = displacement due to equivalent loading Pe 
Vs = displacement due to loading Po,
Po= apphed load, 1.0 kip per length of the bridge.
Pe = equivalent earthquake loading from Equation 4-12.
For the bridges classified as SPC(seismic performance category) B, the elastic forces are 
determined independently along two perpendicular axes using the analysis procedures 
specified in Article 4.2, AASHTO(1996). The perpendicular axes are the longitudinal and
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transverse axes o f the bridge. Combination of forces in two orthogonal directions is 
described in the next section.
4.3.6 Combination of orthogonal seismic forces
According to section 3.9, AASHTO(1996), a combination of orthogonal seismic 
forces is used account for the directional uncertainty of earthquake motions and the 
simultaneous occurrences of the earthquake in two orthogonal horizontal direction. Two 
load cases described in article 3.9 o f AASHTO(1996) were determined.
From Article 3.9, seismic design of AASHTO(1996), load case 1 says that seismic forces 
and moment on each of the principal axes o f a member shall be obtained by adding 100 
percent of the absolute values of the member elastic forces and moments in one of the 
perpendicular(longitudinal) directions to 30 percent of the absolute values of the 
corresponding member forces and moments in the second perpendicular 
(transverse)direction.
Load case 2 says that seismic forces and moments in the second perpendicular direction 
(transverse) shall be obtained by adding 100 percent of the absolute forces and moments 
in the transverse direction to 30 percent of the seismic forces and moment in the other 
perpendicular direction (longitudinal). Table 4.7 shows the resulting forces and moments 
on the columns after combination according to Article 3.9, seismic design division 1-A, in 
AASHTO (1996). Maximum shear in strong direction for IRWD and 1RWL-2RWL 
columns are 249 kips and 303 kips respectively. Maximum moment in strong direction 
for IRWD and 1RWL-2RWL columns are 4434 kip-ft and 7135 kip-ft respectively.
Table 4.8 shows the capacities of the columns determined in Chapter 3 by moment 
curvature analysis.
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Table 4.7; Maximum Shear, Moment and Displacement Demands on the Off-Ramp 
Columns Determined from Seismic Provisions o f AASHTO (1996)’.
Shear Demand (kip) Moment Demand (kip-fr) Displacement (inch)
Name of 
the 
Column
Strong 
Direction 
(transverse 
direction, 
the 
maximum 
shear is at 
the top of 
the column)
Weak 
Direction 
(longitudina 
1 direction, 
the 
maximum 
shear is at 
the bottom 
of the 
column)
Strong 
Direction 
(transverse 
direction, 
maximum 
moment is 
at the 
bottom o f 
the column)
Weak 
Direction 
(longitudina 
1 direction, 
the 
maximum 
moment is 
at the top of 
the column)
Strong 
Direction 
(transverse 
direction, 
maximum 
moment is 
at the 
bottom o f 
the column)
Weak 
Direction 
(longitudina 
1 direction, 
the 
maximum 
moment is 
at the top of 
the column)
8WD 249 175 4434 2262 0.576 1.105
9WD 225 200 3393 2719 0.367 1.105
19WL 276 195 6552 3385 0.528 2.160
22WL 303 208 7135 3483 0.559 2.160
23 WL 280 195 5643 2831 0.327 1.299
Table 4-8 : Maximum Moment and Displacement Capacities of the Columns Determined 
Using RCMC Program.
Name 
o f the 
Off- 
Ramp
Name of 
the 
Column
Maximum 
Moment in 
Strong 
Direction 
(kip-ft)
Maximum 
Moment in 
Weak 
Direction 
(kip-ft)
Maximum Shear 
Capacity in 
Both Direction 
(CALTRANS)^ 
(Kip)
Displacement 
in strong 
Direction 
(inch)
Displacement 
in Weak 
Direction 
(inch)
IRWD
8WD 10590 4702 220.0 1.60 3.39
9WD 10590 4702 219.8 1.35 2.86
IRWL-
2RWL
19WL 22119 7090 269.8 1.32 5.84
22WL 22119 7090 269.8 1.29 5.68
23WL 22119 7090 269.8 0.98 4.29
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4.4 Results
Maximum moment capacities of the columns were found to be higher than the 
moment demands calculated using the seismic provisions o f UBC (1997) and AASHTO 
(1996). However, maximum shear demands in the strong directions of the columns, 
determined using UBC (before dividing by R) and AASHTO, are higher than the 
capacities calculated using CALTRANS'’ formula. So, it was evident that the columns 
may experience brittle shear feilure due to a strong earthquake'’. In Chapter 5, a non­
linear three-dimensional finite element analysis of the off-ramps was performed to 
determine actual shear, moment and deformation demands on the columns due to actual 
recorded and artificially generated earthquakes.
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CHAPTER 5
FINITE ELEMENT MODELING AND EVALUATION OF THE BRIDGE
5.1 Introductory Remarks
To simulate an earthquake response of the bridge, three-dimensional non-linear 
models of the off-ramp bridges structures were developed. A very sophisticated three- 
dimensional non-linear computer program DRAIN- 3DX was used for finite element 
modeling of the structures. DRAIN 3DX program was used in bridge research projects of 
University o f California, Berkeley’  ^ and University o f Nevada, Reno’^. Two different 
ground acceleration records SYLMAR and ATC, with different levels of intensity of 0.5,
1.0 and 2.0, were used to simulate the behavior of the bridge columns. DRAIN-3DX was 
recommended by NDOT and CCEER. The maximum moment, shear, and displacement 
demands on the columns, determined fi’om DRAIN-3DX analyses were compared with 
shear, moment and displacement capacities of the columns. Whenever the demand 
exceeded the capacity of the columns, two alternate retrofit designs using Carbon Fiber 
Polymer Jacket (CFRP) and Glass Fiber Polymer Jacket (GFRP) are presented. Detailed 
retrofit designs of the columns are shown in chapter 6.
5.2 Modeling of the Off-Ramp Bridges with DRAIN-3DX
Finite element model of the off-ramps using DRAIN-3DX are discussed in this section.
58
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5.2.1 Node Distributions:
The distributions of nodes on both off-ramp structures are shown in Figure 5.1, 
Figure 5.2, Figure 5.3, Figure 5.4, Figure 5.5 and Figure 5.6. There is no intermediate 
hinge in IRWD off-ramp structure, but 1RW1-2RWL off-ramp has an intermediate hinge 
between columns 22WL and 23 WL. The primary goal o f this modeling was to determine 
the behavior of the columns during earthquake, but not the behavior of the bridge decks 
and the footings. Simple compression and tension gap elements Type 09’ ,^ were used to 
model hinges at the ends of the superstructures and the intermediate hinge. Details of the 
hinges are shown in Figure 5.4. In order to simulate the footing stifi&iess and soil 
condition underneath each column. Type 04’  ^element was used to model axial and 
torsional springs at the end of the columns where they are connected to the footing. 
Details of the footing springs are show in Figure 5.5 and footing stifi&iess calculations are 
shown in section 5.2. Fiber element. Type 15’ ,^ was used to model columns. For the 
superstructure, the bridge deck was modeled using element Type 17’  ^was used.
Complete input files for both off-ramp structures are attached in the Appendix C.
5.2.2 Modes of the Structures
DRAIN-3 DX calculates the vibration mode shapes of vibrations of the structures’ .^ 
Table 5.1 shows the periods and firequencies of vibrations for two significant modes of 
both structures, determined fi-om DRAIN-3DX mode analysis. The significant modes are 
determined by the maximum effective mass participation factor. The modes defined in 
DRAIN-3DX are not purely in longitudinal or transverse direction. The modes are 
actually combination of transverse and longitudinal direction.
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Figure 5.1 : Elevation View of DRAIN-3DX Node Distribution on IRWD Off-Ramp.
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Figure 5.2: Elevation View of DRAIN-3DX Node Distribution on 1RWL-2RWL Off- 
Ramp.
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Figure 5.3: Plan View of DRAIN-3DX Node Distribution on IRWD 08-Ramp.
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Figure 5.4: Plan View of DRAIN-3DX Node Distribution on 1RWL-2RWL Off- 
Ramp.
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Figure 5.5 : Details of Hinges on the Superstructure for DRAIN-3DX Model
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Figure 5.6 ; Footing Hinge Details for DRAIN-3DX Model
Table 5.1 : Mode Frequencies and Periods of the Off-Ramp Bridges.
Name of The 
Structure
Mode 1 Mode 2
Period
(second)
Angular
Frequency
(radian/second)
Period
(second)
Angular
Frequency
(radian/second)
IRWD 0.326 19.248 0.297 21.128
1RWL-2RWL 0.460 13.646 0.427 14.696
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According to Cook and et. al.^’ , the damping matrix of the structure is
[ c ] = a [ M ] + # ]
Where,
[c] = damping matrix of the structure 
[m ]=  mass matrix o f the structure 
[x] = stiffiiess matrix of the structure
a  and p are the damping coefficients obtained from Eqn. 5-2 and Eqn.5-3.
(5-1)
(5-2)
(5-3)
Where,
and Çj are damping ratios and they are both set to 5% which is normal for all concrete 
structures.
®i and (Oj are angular frequencies o f vibrations of mode i and mode j with the highest 
mass participation factors respectively. Table 5-2 shows the values of damping 
coefficients a  and p for both off-ramp structures.
Table 5-2: Damping Coefficient Values
Name of the Structure a P
IRWD 1.00722 0.00248
1RWL-2RWL 0.70759 0.00353
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
65
5.3 Footing Stiffiiess
In general, a rigid footing has six degrees o f freedom, three translations and three 
rotations as shown in Figure 5.7. The rotation about the X and Y axses are termed as 
rocking and the Z-axis rotation is termed as torsional'®.
Figure 5-7: Rigid Footing with Six-Degrees of Freedom
Ground acceleration and twisting rotations in the Z-axis were not considered in the 
modeling of structures. So, only four degrees of freedom Fx, Mx, Fy, and My were 
considered while calculating the footing stiffiiess. A method shown by Darwish and et 
al.’® was used to calculate the footing stiffiiess. This is basically a combination of 
FHWA^^ method and Gazetas^ '^ '^* method. The equivalent circular footing radius ( R) 
was computed as follows^^.
R = . 4BL
7t
( X and Y axis translation) (5-4)
R =
In
(X-axis rocking) (5-5)
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R = (Y-axis rocking) (5-6)
Where,
B = half width of the footing 
L = half length of the footing
The static stiffiiess coefficients (K sur) of surface circular footings were computed as 
follows'®.
K = K  —■^ x^^sur ^^ v^ sur
e^y,sur
SGR
f l  + 0.5—  
2 - v l  H,
SGR^
3(1-V)
1 + 0.17
(5-7)
(5-8)
and the static stiffiiesses coefficients (K^ mb) of embedded circular footing are computed 
as follows^*.
^ x ,e m h  ^ y , e m h  —  ^ x , s u r  I  ^ ^ 1 + 1.25—
6^c,emh e^y,emb — H " 2  ^  J"''"l + G.65—  ^
H j
where,
H = depth of the soil to the bedrock 
R = radius o f the equivalent circular footing 
G = shear modulus of the soil underneath the footing, 
v = poisons ratio
(5-9)
(5-10)
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D = embedment depth 
d = footing depth
The shear modulus (Gmax ) o f  the soil underneath the foundation was calculated as 
follows^^'^°.
^max = (1000 -  3000) (clay, and tsf unit) (5-11)
(^ max =1207/° ^  (sand,and tsf unit) (5-12)
where.
Su = un-drained shear strength of soil 
M= corrected no. of blows for SPT test.
According to Darwish'®, the depth of influence underneath the footing is taken as the 
depth equal to the shortest dimension of the footing. Based on the NDOT provided sub 
soil report of the off-ramp bridges, the shear modulus G was calculated for each soil 
layer. Gavg was calculated as follows'®.
where, G„ is the average measured soil shear modulus at the mid-depth of n layer, hn is 
the depth of n layer, and hi+h2+....hn equals the depth of influence'®.
Gmax .field was Corrected to account for the effect o f the weight o f  the structure from the 
following formula'®
G =zG / ^m .arec tu re  ^ J /2  / r  i
^ m a s .s trv a u rc  max,field \
^m .fie ld
where,
Gmax,stmcnire = maximum soil shear modulus with presence of a structure 
Gmax-fieid = measured maximum soil shear modulus without the presence of structure
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<Tm,stnicture= total mean normal effective stress with the presence of structure.
Om,fieid= mean normal effective stress without the presence of structure.
Table 5-3 shows the calculated G of soil underneath each footing.
Using the values of G, the footing stiffiiess for translation and rocking was determined. 
The stiffiiess values of the footings are then used in a DRAIN input file'®. In order to 
adjust the tooting stiffiiess values, several trials run of the DRAIN-3DX program were 
performed for each ground acceleration record'®. The footing stiffiiess values were 
adjusted,'® and plugged back to the input file after each run until the same amount of 
displacement was found at each footing in two successive runs'®. Table 5.3 shows the soil 
properties and shear modulus of soil underneath each footing. Soil properties are obtained 
fi'om the NDOT provided, subsoil investigation report. Table 5.4 and Table 5.5 show the 
stiffiiess values of surface circular footing and embedded circular footing on a soil 
deposit and on bedrock respectively. Table 5.6 shows the shape factors determined from 
graph 5.5'® for a rectangular footing. Table 5.7 shows the footing stiffiiess values for the 
first trial. After each trial footing stiffiiess values are adjusted using Figure 6'® and 
plugged back to DRAIN-3DX input file. The trial process continued, until equal 
displacement on the nodes of footing spring were found in two successive run for each 
ground acceleration. Footing stiffiiess values were adjusted for each ground acceleration 
record'®. The final adjusted footing stiffiiess values for each ground acceleration record 
are shown in input files attached in the Appendix C.
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Table 5.3: Soil Properties and Shear Moduli o f Soil Underneath Each Footing.
Name o f the column 8WD 9WD 19WL 22 WL 23 WL
Station 5+79.42 4+83.71 115+67.84 116+65.25 117+66.01
Footing elevation, at base
(ft) 2009.50 2007.50 2001.50 1999.25 1999.00
Footing thickness, d(ft) 3.00 3.00 3.00 3.00 3.00
Footing area, 225.00 225.00 303.00 303.00 303.00
Axial load on columns 
(kip) 557.00 534.00 737.00 803.00 740.00
Depth o f influence (ft) 11.25 11.25 12.00 12.00 12.00
Sample # M-8 M-6 EV-7 EV-6 EV-5
Soil type 1 ClayeySilt Clayey Silt Clayey Silt Sandy Clay
Sandy
Clay
% of height 13.00 22.00 14.00 16.00 19.00
Poissons Ratio v 0.35 0.35 0.35 0.40 0.40
Blows per foot Nfiew 
(1401b,30" drop) 22.00 22.00 21.00 30.00 33.00
Corrected blow count
Ncorrected (60 % of Nfidd ) 13.20 13.20 12.60 18.00 19.80
Unconfined compressive 
strength(tsf) 2.00 2.00 1.50 1.50 1.50
Unconfined shear 
strength,Su (tsf) 1.00 1.00 0.75 0.75 0.75
Gmax = 2000* Su (clay) 
= 120*N0.8 (tsf)(Sand) 945.45 945.45 910.91 1500.00 1500.00
Soil type 2 Silt Silt Sandy Clay Sandy Clay
Sandy
Clay
% of height 16.00 11.00 21.00 19.00 17.00
Poissons ratio v 0.35 0.35 0.40 0.40 0.40
Blows per foot Nfieid 
(1401b,30" drop) 250.00 250.00 18.00 10.00 14.00
Corrected blow count 
Ncorrected (60 % of Nfleid ) 150.00 150.00 10.80 6.00 8.40
Unconfined compressive 
strength(tsf) 2.00 2.00 1.50 1.50 1.50
Unconfined shear 
strength,Su (tsf) 1.00 1.00 0.75 0.75 0.75
Gmax = 2000* Su (clay) 
= 120*N0.8 (tsf)(Sand) 6607.76 6607.76 1500.00 1500.00 1500.00
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Table 5.3 continued from previous page.
Name o f the column 8WD 9WD 19WL 22WL 23 WL
Soil type 3 Clayey Silt Clayey Silt Silty Sand Clayey Silt Clayey Silt
% of height 19.00 16.00 27.00 22.00 24.00
Poissons ratio v 0.35 0.35 0.35 0.35 0.35
Blows per foot Nfieia 
(1401b,30" drop) 12.00 12.00 72.00 72.00 72.00
Corrected blow count
Ncorrected (60 %  o f  Nfieid ) 7.20 7.20 43.20 43.20 43.20
Unconfined compressive 
strength(tsf) 2.00 2.00 2.00 2.00 2.00
Unconfined shear 
strength,Su (tsf) 1.00 1.00 1.00 1.00 1.00
Gmax = 2000* Su (clay) 
= 120*N0.8 (tsf)(Sand) 582.17 582.17 2441.00 2441.00 2441.00
Soil type 4 Silty Sand Silty Sand Silty Sand Silty Sand Silty Sand
% of height 52.00 51.00 38.00 43.00 40.00
Poissons ratio v 0.35 0.35 0.35 0.35 0.35
Blows per foot Nfieid 
(1401b,30" drop) 180.00 180.00 150.00 150.00 150.00
Corrected blow count 
Ncorrected (60 % o f Nfieid ) 108.00 108.00 90.00 90.00 90.00
Unconfined compressive 
strength(tsf) 2.00 2.00 2.00 2.00 2.00
Unconfined shear 
strength,Su (tsf) 1.00 1.00 1.00 1.00 1.00
Gmax = 2000* Su (clay) 
= 120*N0.8 (tsf)(Sand) 5080.66 5080.66 4391.12 4391.12 4391.12
Wighted Gmax, field 
(ksf) 7865.41 7238.27 5540.45 5900.40 5764.58
Effective vertical stress 
due to soil at footing 
level,(ksf)
1.14 1.51 1.25 1.49 1.51
Effective vertical stress, 
due to soil and 
structure,(ksf)
3.62 3.88 3.69 4.14 3.95
Gmax,structure (ksf)
13990.59 11614.83 9499.35 9834.47 9331.85
Poissons ratio v 0.35 0.35 0.36 0.37 0.37
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Table 5.4: Stiffiiess of surface circular footing on soil deposit on bedrock.
Name of 
the 
column
Depth of soil to 
bedrock, H ( for 
Las Vegas, H=600 
meter or 1968 
feet)'®
Kx Ky K(rocking,x) K(rocking,y)
19WL 1968 456469.3493 456469.3493 67952710.08 22256007.07
22WL 1968 474598.7911 474598.7911 71128487.91 23296144.16
23 WL 1968 450481.1939 450481.1939 67546683.47 22123024.42
8WD 1968 575442.0558 575442.0558 55514435.34 23415156.31
9WD 1968 477725.5325 477725.5325 46087460.79 19438999.82
Table 5.5: Stiffiiess of embedded circular footing on soil deposit on bedrock.
Name of 
the 
column
Depth of soil to 
bedrock,H ( for Las 
Vegas, H=600 
meter or 1968 
feet)'®
Kx Ky K(rocking,x) K(rocking,y)
19WL 1968 596883.1251 596883.1251 102151564.9 38503714.88
22WL 1968 620787.2657 620787.2657 106950954.8 40315222.09
23WL 1968 589253.9439 589253.9439 101566922.7 38285872.86
8WD 1968 780726.386 780726.386 89320802.43 42427181.21
9WD 1968 648505.1504 648505.1504 74183612.25 35239713.62
Table 5.6: Shape factors for rectangular footing determined from Graph 5.5'®
Column
Type
L
(length)
B
(width)
L/B
Ratio X- translation y-translation x-rocking y-rocking
WL-
Columns 12.625 6 2.10 1.085 1.1 1.075 1.075
WD-
Columns 10 5.625 1.78 1.07 1.1 1.07 1.07
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Name of the 
column
Kx
(kip/in)
Ky
(kip/in)
K(rocking,x)
(kip-in/radian)
K(rocking,y)
(kip-in/radian)
19WL 6.48E+05 6.57E+05 l.lOE+08 4.14E+07
22 WL 6.74E+05 6.83E+05 1.15E+08 4.33E+07
23WL 6.39E+05 6.48E+05 1.09E+08 4.12E+07
8WD j 8.35E+05 8.59E+05 9.56E+07 4.54E+07
9WT) 6.94E+05 7.13E+05 7.94E+07 3.77E+07
5.4 Results
DRAIN-3DX input files for each off-ramp structures were run for two different 
acceleration records, Sylmar and ATC, at their three different level of intensities. The 
intensities used for Sylmar acceleration record were 0.5,1.0 and 2.0. Similarly intensities 
used for ATC ground acceleration record were 0.3,1.0, and 2.0. Table 5.8, Table 5.9 and 
Table 5.10 show the summary of drain analysis with Sylmar earthquake, at three different 
level of intensities 0.5,1.0 and 2.0 respectively. Table 5.11, Table 5.12 and Table 5.13 
show the summary of drain analysis with ATC earthquake, at three different level of 
intensities 0.5,1.0 and 2.0 respectively. The results show that the shear demand on the 
columns due to all types of applied earthquake is higher than the shear capacity of the 
columns. So, all the columns have to be retrofitted. Design of retrofit of the columns is 
shown in chapter 6. Figure 5.8 and Figure 5.9 shows the DRAIN-3DX analysis output 
plot of the nodes on superstructures of IRWD and 1RWL-2RWL respectively.
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Table 5.8 rSummary of Drain Output for Sylmar x 0.5
1Q
Column 19WL 22WL 23 WL 8WD 9WD
Vlaximum moment,strong 
direction (kip-ft) 12690 9318 9921 4158 3620
Vlaximum moment,weak 
direction (kip-ft) 6545 7111 6068 2482 2816
Vlaximum shear, strong direction 
(kip) 597 438 457 196 236
Maximum shear, weak direction 
(kip) 336 354 292 178 163
Maximum displacemet, strong 
direction(inch) 0.3400 0.2411 0.2236 0.0961 0.0766
Maximum displacement, weak 
direction (inch) 1.0824 1.0823 0.8286 0.2672 0.2637
1
Shear capacity (CALTRANS 
method),Kip 270 270 270 220 220
Displacement capacity,strong 
direction( inch) 1.32 1.29 0.98 1.60 1.35
Displacement capacity,weak 
direction( inch) 5.84 5.68 4.29 3.39 2.86
Moment capacity, strong 
direction (Moment-Curvature 
analysis (kip-ft)
22119 22119 22119 10590 10590
Moment capacity, weak direction 
(moment-curvature analysis) 
(kip-ft)
7090 7090 7090 4702 4702
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Table 5.9 rSummary o f  drain output for Sylmar x 1.0
1
Q
Column 19WL 22 WL 23WL 8WD 9WD
Vlaximum moment,strong direction 
(kip-ft) 17260 16360 17600 8267 7225
Maximum moment,weak direction 
(kip-ft) 7999 8739 9140 4358 4643
Vlaximum shear, strong direction 
(kip) 886 725 952 390 405
Maximum shear, weak direction 
(kip) 525 551 611 346 202
Maximum displacement, strong 
direction(inch) 0.6696 0.5345 0.5139 0.2307 0.1888
Maximum displacement, weak 
direction (inch) 1.9781 1.9855 1.8307 0.5575 0.5560
i
Shear capacity (CALTRANS 
method) (Kip) 270 270 270 220 220
Displacement capacity, strong 
direction( inch) 1.32 1.29 0.98 1.60 1.35
Displacement capacity, weak 
direction( inch) 5.84 5.68 4.29 3.39 2.86
Moment capacity, strong direction 
(Moment-Curvature Analysis) (kip-
ft)
22119 22119 22119 10590 10590
Moment capacity, weak direction 
(Moment-Curvature Analysis) (kip-
ft)
7090 7090 7090 4702 4702
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Table 5.10 rSummary o f drain output for Sylmar x 2.0
1
Column 19WL 22 WL 23WL 8WD 9WD
Maximum moment,strong direction 
(kip-ft) 30830 34090 30500 13170 12290
Maximum moment,weak direction 
(kip-ft) 15540 11530 15750 5803 5325
Maximum shear, strong direction 
(kip) 1507 1176 1488 633 561
Maximum shear, weak direction 
(kip) 638 700 822 432 426
Maximum Displacement, strong 
direction(inch) 1.7008 1.3057 1.2156 0.7258 0.5342
Maximum displacement, weak 
direction (inch) 3.8939 3.9005 4.0412 0.9689 0.9684
Î
Shear capacity (CALTRANS 
method),Kip 270 270 270 220 220
Displacement capacity,strong 
direction( inch) 1.32 1.29 0.98 1.60 1.35
Displacement capacity,weak 
direction( inch) 5.84 5.68 4.29 3.39 2.86
Moment capacity,strong direction 
(Moment-Curvature Analysis (kip-
ft)
22119 22119 22119 10590 10590
Moment capacity, strong direction 
(Moment-Curvature Analysis (kip-
ft)
7090 7090 7090 4702 4702
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Table 5.11: Summary of Drain Output for ATC x 0.5
1
Q
Column 19WL 22WL 23WL 8WD 9WD
Vlaximum moment,strong 
direction (kip-ft) 14200 9361 11210 9201 8631
Vlaximum moment,weak 
direction (kip-ft) 4958 5118 4155 4680 3428
Vlaximum shear, strong direction 
(kip) 657 391 496 527 504
Maximum shear, weak direction 
(kip) 208 220 218 386 343
Maximum displacement, strong 
direction(inch) 0.3458 0.2523 0.2013 0.1148 0.0941
Maximum displacement, weak 
direction (inch) 1.2180 1.2179 0.9794 0.2862 0.2850
I
U
Shear capacity (CALTRANS 
method),Kip 270 270 270 220 220
Displacement capacity, strong 
direction( inch) 1.32 1.29 0.98 1.60 1.35
Displacement capacity, weak 
direction( inch) 5.84 5.68 4.29 3.39 2.86
Moment capacity, strong 
direction (Moment-Curvature 
Analysis (kip-ft)
22119 22119 22119 10590 10590
Moment capacity,strong direction 
(Moment-Curvature Analysis 
(kip-ft)
7090 7090 7090 4702 4702
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
77
Table 5.12 ;Summary of Drain Output for ATC x 1.0
1
Column 19WL 22WL 23WL 8WD 9WD
Vlaximum moment,strong 
direction (kip-fl) 19370 17030 18390 11740 12390
Vlaximum moment,weak 
direction (kip-fl) 9639 10200 8575 6064 4991
Vlaximum shear, strong direction 
(kip) 906 744 841 579 628
Vlaximum shear, weak direction 
(kip) 405 441 420 500 487
Vlaximum displacement, strong 
direction(inch) 0.5716 0.5251 0.4247 0.5133 0.4135
Maximum displacement, weak 
direction (inch) 2.4102 2.4176 1.9882 0.9313 0.9310
Î
Shear capacity (CALTRANS 
method),Kip 270 270 270 220 220
Displacement capacity,strong 
direction( inch) 1.32 1.29 0.98 1.60 1.35
Displacement capacity, weak 
direction( inch) 5.84 5.68 4.29 3.39 2.86
Moment capacity, strong 
direction (Moment-Curvature 
Analysis (kip-fl)
22119 22119 22119 10590 10590
Moment capacity,strong direction 
(Moment-Curvature Analysis 
(kip-fl)
7090 7090 7090 4702 4702
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Table 5.13: Summary of drain output for ATC x 2.0
1
Q
Column 19WL 22WL 23WL 8WD 9WD
Maximum moment,strong direction 
(kip-ft) 32640 30120 34130 16600 16720
Maximum moment,weak direction 
(kip-ft) 16010 11800 15340 6370 5447
Maximum shear, strong direction 
(kip) 1536 1252 1542 805 846
Maximum shear, weak direction 
(kip) 671 677 820 586 574
Maximum displacement, strong 
direction(inch) 1.2174 1.1726 0.9030 1.2324 1.0658
Maximum Displacement, weak 
direction (inch) 3.8944 3.8540 3.5095 1.6868 1.5371
1
&
U
Shear capacity (CALTRANS 
method),Kip 270 270 270 220 220
Displacement capacity,strong 
direction( inch) 1.32 1.29 0.98 1.60 1.35
Displacement capacity, weak 
direction( inch) 5.84 5.68 4.29 3.39 2.86
Moment capacity,strong direction 
(Moment-Curvature Analysis (kip-ft) 22119 22119 22119 10590 10590
Moment capacity,strong direction 
(Moment-Curvature Analysis (kip-ft)
7090 7090 7090 4702 4702
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CHAPTER 6 
COLUMN RETROFIT DESIGN
6.1 Introductory Remarks
DRAIN-3DX analyses of the ofiF-ramp structures show that the shear capacities of the 
columns are lower than the shear demands caused by all different level of earthquakes. 
InsufiBcient shear capacities o f the columns could cause a non-ductile shear failure before 
the formation of plastic hinges at top and bottom of the columns'^. The column retrofit 
design guidelines provided by CALTRANS^ are used for the retrofit design. The column 
retrofit was designed to provide sufficient confinement and to enhance the shear capacity 
and ductility, while satisfying the minimum confinement through out the column 
length'^\ The retrofit o f the columns was designed with Carbon Fiber Reinforced 
Polymer(CFRP) and with Glass Fiber Reinforced Polymer(GFRP). This chapter describes 
the design of CFRP and GFRP retrofit.
6.2 CFRP and GFRP Properties
The retrofit design o f the columns are done using the material properties of fi'om 
Master Builders Technologies (MBT)*^. FRPs supplied by MET have been approved by 
CALTRANS as an alternative column casing'^'^. The system is referred to by 
CALTRANS^ as “system 5”, and the casing is applied by wrapping the column with
81
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continuous fibers embedded resin or prefebricated segmented shells adhered to the 
c o lu m n ^ 'In  this research, the retrofit design consists of wraps embedded in a resin 
adhered to the column.
The ultimate tensile strength of CFRP in the primary fiber direction is 555 ksi, with a 
tensile modulus of the primary fibers o f 29.2x10^ ksi, and the dry fiber thickness is
0.0065 inch per layer*^'\ The GFRP has tensile modulus of the primary fiber of 10.5x10  ^
ksi, with a thickness of 0.0139 inch per l a y e r . The ultimate tensile strength of GFRP in 
primary fiber direction is 220 ksi. A summary of the material properties is given in Table 
6 . 1.
Table 6.1 ; Material properties of CFRP and GFRP
CALTRANS System 5
Ultimate Tensile Strength in 
Primary Fiber Direction 555 ksi
CFRP
Yield Strength in primary fiber 
direction 322 ksi
Strain at strain hardening 0.01
Ultimate strain 1.48 in/in
Tensile Modulus of Primary 
Fibers 29.2 X 10^  ksi
Dry Fiber Thickness 0.0065 inch
Ultimate Tensile Strength in 
Primary Fiber Direction 220 ksi
Yield strength in primary fiber 
direction 170 ksi
GFRP Yield strain 0.017 in/in
Ultimate strain 0.021 in/in
Tensile Modulus o f Primary 
Fibers 10.5x10^ ksi
Dry Fiber Thickness 0.0139 inch
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6.3 Minimum Confinement Requirements
The minimum jacket thickness must satisfy the requirements provided by 
CALTRANS^:According to Caltrans^ ,the minimum confinement stress is 300 psi in the 
lap-splice and/or plastic hinge zone with a maximum material elongation of 0.001 in/in in 
the lap-splice zone and 0.004 in/in in the plastic hinge zone. The columns of the off-ramp 
bridges have no problem related to lap splices.
A minimum confinement stress of 150 psi and material strain o f0.004 must be 
maintained elsewhere in the column, with appropriate transition.
The thickness of the jacket can be calculated based on the required confining pressure 
and the allowable fiber strain. The required jacket thickness can be expressed as follow. 
b * h \t =  L. *
s ^ * E j * k ^  \ b^ +  h.
( 6-1)
Where,
tj = jacket thickness
fi = confining pressure
£j = strain in the jacket
Ej = elastic modulus of the jacket materials
ke = confining efficiency factor, 0.75
b, h = dimension o f the column
In order to satisfy the minimum confinement requirement, the number of layers required 
in the plastic hinge zone and elsewhere in the columns is shown in Table 6-2 and Table
6.3 for IRWD off-ramp and 1RWL-2RWL off-ramp respectively. For CFRP jacket, 
inside and outside the plastic hinge region, the minimum numbers o f layers required are
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17 and 9 for IRWD columns, while the number of layers is 19 and 10 for 1RWL-2RWL 
columns. Similarly, for GFRP jacket, inside and outside the plastic hinge region, the 
numbers of layers required are 22 and 11 for IRWD columns, while the numbers o f layers 
are 24 and 12 for 1RWL-2RWL columns.
Table 6.2 : Retrofit design based on minimum confinement requirements for IRWD off­
ramp columns.
Type of Retrofit (IRWD 
Columns) Design Parameters
Plastic Hinge 
Region
Outside 
Plastic Hinge 
Region
CFRP
fi 300 psi 150 psi
G, 0.004 0.004
No.of Layers 17 9
Thickness provided (inch) 0.1105 0.0585
Thickness required (inch) 0.1096 0.0548
fqrovided/f required 1.0083 1.0676
GFRP
fi 300 psi 150 psi
Si 0.004 0.004
No.of Layers 22 11
Thickness provided (inch) 0.3058 0.1529
Thickness required (inch) 0.3048 0.1524
forovided/frequired 1.0034 1.0034
6.4 Minimum Ductility Requirements
According to CALTRANS^ the retrofitted columns should achieve an actual 
displacement ductility in the range of 8 to 12. The confinement provided by jacket must 
allow the concrete to reach its ultimate compressive strain. The steps to determine the 
jacket thickness are described below^.
U-I) (6-2)
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Table 6.3:Retroj5t design based on minimum confinement requirements for IRWL- 
2RWL oflF-ramp columns.
Type o f Retrofit 
(1RWL-2RWL 
Columns)
Design Parameters Plastic Hinge Region
Outside Plastic 
Hinge Region
CFRP
fi 300 psi 150 psi
Sj 0.004 0.004
No.of Layers 19 10
Thickness provided (inch) 0.1235 0.0650
Thickness required (inch) 0.1174 0.0587
torovided/treguired 1.0518 1.1072
GFRP
fi 300 psi 150 psi
Gj 0.004 0.004
No.ofLayers 24 12
Thickness provided (inch) 0.3336 0.1668
Thickness required (inch) 0.3265 0.1633
fprovided/treguired 1.0217 1.0217
where,
Pa = displacement ductility o f member
Pe = curvature ductility
/p = plastic hinge length given by,
/p = 0.08/ + 0.15/XA ^ g  + 03f,.d ,ipsi)
db = diameter of longitudinal bar
fy = yield strength of longitudinal reinforcement
g = gap between the jacket and the supporting members
From the ctrrvature ductility, the ultimate curvature and corresponding strain can be 
calculated as follows
(6-3)
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<f>u=^^*<l>y (6-4)
o ^ j)
where,
(f)^  = curvature at yield, based on moment curvature analysis.
c„ = depth of neutral axis at the ultimate point, based on moment-curvature analysis. 
Finally, the required jacket thickness is calculated as follow.
_(e„ - . oo4)‘ /».(;.+*) , , , ,
where,
/ ' „  = confined concrete compressive strength =1.5 f \
f \  = ultimate compressive strength of concrete.
^ = stress in jacket 
Sj = strain in jacket 
Ej = elastic modulus of jacket material 
ke = confining efficiency factor, 0.75 
b, h = dimensions of the column
For the retrofit design, a minimum displacement ductility of 8 was selected for the 
columns'^. A typical value for gap lengths according to CA L T R A N practice is 2 inch. 
The minimum confinement stress o f300 psi in the lap-splice and/or plastic hinge zone 
with a maximum material elongation of 0.001 in/in in the lap-splice zone and 0.004 in/in 
in the plastic hinge zone. A minimum confinement stress of 150 psi and material strain of
0.004 must be maintained elsewhere in the column, with appropriate transition. Table 6.4 
and Table 6.5 show the minimum jacket thickness required for minimum ductility
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requirements for IRWD and 1RWL-2RWL columns respectively according to current 
retrofit design practice of CALTRANS^.
Table 6.4 : Retrofit design based on minimum ductility requirements
Type of Retrofit (IRWD 
Columns) Design Parameters Plastic Hinge Region
CFRP
fi 300 psi
Gi 0.004
No.ofLayers 1
Thickness provided (inch) 0.0065
Thickness required (inch) 0.0001
tcrovided/treguired 76.8250
GFRP
fi 300 psi
Gj 0.004
No.ofLayers 1
Thickness provided (inch) 0.0139
Thickness required (inch) 0.0002
forovided/freauired 65.1229
Table 6.5 : Retrofit design based on minimum ductility requirements
Type o f Retrofit (IRWL- 
2RWL Columns) Design Parameters Plastic Hinge Region
CFRP
fi 300 psi
Gi 0.004
No.ofLayers 1
Thickness provided (inch) 0.0065
Thickness required (inch) 0.0002
torovided/treguired 36.7341
GFRP
fi 300 psi
Gj 0.004
No.ofLayers 1
Thickness provided (inch) 0.0139
Thickness required (inch) 0.0004
torovided/freguired 31.1387
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6.5 Shear Enhancement
The jacket thickness must provide shear strength in addition to the capacities of the 
columns to meet the shear demands produced by different level of earthquakes. Typically 
the design of the jacket is not controlled by shear strength‘s. According to CALTRANS^, 
the shear strength of the jacket is calculated as
v , > y - ( v . + v , + v ; !  (6-7)
where,
Vsj = jacket shear strength
= maximum plastic shear demand 
Vs = transverse reinforcement shear capacity, based on truss mechanism 
Vp = shear strength enhancement resulting from the diagonal compression strut of the 
axial force
= strength reduction factor = 0.85
From the required shear strength, the minimum thickness of the jacket can be calculated 
as
Kv = 2 t ^ / y ^ c o t ^  ( 6 - 8 )
where,
Vsj = jacket shear strength 
tj = jacket thickness
fsj = allowable stress in jacket =0.6x ultimate tensile stress.
0 = 45° according to CALTRANS^.
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The required jacket thickness for shear enhancement are shown in Table 6.band Table 6.7 
for IRWD and 1RWL-2RWL columns.
Table 6.6:Absolute maximum shear demand from DRAIN-3DX analyses.
Absolute 
Maximu 
m Shear 
Demand 
for 
DRAIN- 
3DX 
Analysis 
(kip)
Column 19WL 22WL 23WL 8WD 9WD
Sylmar x 0.5 597 438 457 196 236
Sylmarx 1.0 886 725 952 390 405
Sylmar x 2.0 1507 1176 1488 633 561
ATC X 0.5 657 391 496 527 504
ATCx 1.0 906 744 841 579 628
ATC X 2.0 1536 1252 1542 805 846
Capacity CALTRANS method (Kip) 270 270 270 220 220
Table 6.7 : Retrofit design based on shear demand.
Type of 
Retrofit
Name of the 
Column
Required Shear 
Capacity of Composite 
Jacket (kips)
Number of Layers 
required for corresponding 
shear capacity of the 
jacket (kips)
CFRP
IRWL Off-Ramp 775 4
1RWL-2RWL Off- 
Ramp
1544
8
GFRP
IRWL Off-Ramp
775
5
1RWL-2RWL Off- 
Ramp
1544 9
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6.6 Column Retrofit summary
The final jacket thickness for both CFRP and GFRP is selected after comparing with 
the required thickness for three different criteria described previously. A summary of the 
results is given in Table 6-8. In all cases, the number of layers required for minimum 
confinement requirements o f CALTRANS^. Table 6.9 shows the length o f plastic hinge 
region in the top and bottom of the columns.
Table 6.8: Summary of Colunrn Retrofit Design Summary.
Type of 
Retrofit
Name of the 
Coliunn
Maximu 
m Shear 
Demand 
fi"om 
ATCx 
2.0 (kip)
Number 
of Layers 
Required 
for 
Maximu 
m Shear 
Demand
Number of Layers Required 
for Minimum Confinement 
Requirement
Number o f 
Layers 
Required for 
Minimum 
Ductility 
Requirements 
(inside 
plastic hinge 
Region)
Inside Plastic 
Hinge Region
Outside Plastic 
Hinge Region
CFRP
IRWL Off- 
Ramp 846 4 17 9 4
IRWL- 
2RWL Off- 
Ramp
1542 8 19 10 8
GFRP
IRWL Off- 
Ramp 846 5 22 11 5
IRWL- 
2RWL Off- 
Ramp
1542 9 24 12 9
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19WL 22WL 23 WL 8WD 9WD
Length of the 
Column (ft) 27.39 27.00 23.22 20.50 18.70
Length of 
Plastic Hinge 
Region (inch)
35.60 35.23 31.60 28.99 27.26
The number of layers o f CFRP jacket inside the plastic hinge region for IRWD and 
1RWL-2RWL columns are 17 and 19 respectively, while outside the plastic hinge region 
the numbers of layers are 9 and 10.
Similarly, The number of layers of GFRP jacket inside the plastic hinge region for 
IRWD and 1RWL-2RWL columns are 22 and 24 respectively, while outside the plastic 
hinge region the numbers of layers are 11 and 12.
6.7 Moment and Shear Capacity of Retrofitted Columns
It was shown in previous section (section 6.6) o f this chapter that, the jacket thickness is 
governed by the minimum confinement requirements. All the columns with CFRP and 
GFRP jackets were modeled using RCMC program to determine their capacity. Table 
6.10 shows the moment capacity of the columns with jackets. In all cases the maximum 
moment capacity of the columns with jacket was higher than the maximum moment 
demands resulting fi’om ATC x 2.0 and Sylmar x 2.0 earthquakes. Table 6.11 shows the 
shear strength provided by jacket and required shear strength of jacket. Finally, it was
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evident that the moment and shear capacity of the retrofitted columns with fiber 
reinforced jacket is higher than the maximum moment and shear demand resulting fi-om 
an ATC x 2.0 intensity earthquake.
Table 6.10 : Moment capacity of columns with jackets using RCMC model.
Type of 
Jacket
Name of the 
Off-Ramp 
columns
Maximum 
moment demand 
in strong 
direction (kip-ft)
Maximum 
moment 
capacity in 
strong Direction 
(kip-ft)
Maximum 
moment demand 
in weak direction 
(kip-ft)
Maximum 
moment in weak 
direction (kip-ft)
CFRP
1RWD 16720 17362 6370 8542
1RWL-2RWL 34130 47573 16010 16173
GFRP
1RWD 16720 17426 6370 8577
1RWL-2RWL 34130 45467 16010 16174
Table 6.11 : Shear strength of jackets.
Type of 
Jacket
Name of the Off- 
Ramp
Maximum shear 
demand on the 
columns (kip)
Required jacket 
shear strength (kip)
Shear strength 
provided by jacket 
(kip)
CFRP
IR W D 846 775 3532
1RWL-2RWL 1542 1544 3948
GFRP
IRW D 846 775 3875
1RWL-2RWL 1542 1544 4227
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CHAPTER 7 
SUMMARY AND CONCLUSION
7.1 Summary
This thesis presents the results o f an analytical research conducted on the off­
ramp bridge structures of Las Vegas downtown viaduct. The bridge is located on US 
Highway 95 near downtown Las Vegas. The bridge was constructed in late 1960s. The 
objective of the research is to find out whether the 32 years old bridge could withstand a 
strong earthquake. In this research, the seismic vulnerability of two off-ramp structures of 
the main bridge is determined.
The maximum shear and moment capacities of the columns of the off-ramp 
structures were determined by moment-curvature analysis. A computer program called 
RCMC, was used for moment-curvature analysis. The existing deign of the bridge 
columns were also checked against the seismic provisions of the ACI, AASHTO, 
CALTRANS, and ATC-32 recent bridge design codes. A comparison was made between 
the minimum confinement steel requirements, according to the codes, and the 
confinement steel provided in the columns.
The maximum moment and shear demands due to a strong earthquake are 
determined by using the seismic provisions of American Association of Highway and
93
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Transportation Officials (AASHTO, 1996) specification, and Uniform Building Code 
(UBC,1997).
A comparison was made between existing bridge column shear, moment and 
deformation capacities with the shear, moment and deformation demands as determined 
using AASHTO, and UBC analyses.
Three dimensional non-linear finite element models of the both off-ramp bridge 
structures were prepared. A finite element computer program called DRAIN-3DX was 
used for modeling. Two different earthquakes, Sylmar and ATC were applied to the 
bridges during finite element analysis by DRAIN-3DX. The intensities of each 
earthquake were set to 0.5,1.0 and 2.0 times of the actual earthquakes. The shear, 
moment and deformation demands found firom finite element analyses of the bridges 
were compared with the capacities to determine whether the columns needed to be 
retrofitted.
Column retrofit design guidelines provided by CALTRANS were used for retrofit 
design. Two types of composite wraps. Carbon Fiber Reinforced Polymer (CFRP) and 
Glass Fiber Reinforced Polymer (GFRP) were used for retrofit design. The column 
retrofit design was based on the minimum confinement requirements, minimum ductility 
requirements and shear enhancement according to California Department of 
Transportation (CALTRANS). Finally, the number of layers of composite wrap required 
for each column was determined to meet all the minimum requirements o f the 
CALTRANS design guidelines.
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7.2 Conclusion
1. Comparing Values for moments and shear demands from UBC(1997), using response 
spectral analysis (percent acceleration),Table 4.4 and DRAIN output results. Table 
5.9 and 5.11, it was determined that the moment and shear demands calculated by the 
response spectral analysis, UBC 97, correspond to the DRAIN output for ATC x 0.5 
and Sylmar xl .0. Example for IRWD, the maximum shear in the strong direction is 
652 kip from UBC, 527 kip from ATC x 0.5 and 405 kip from Sylmar x 1.0. Moment 
values are 12192 kip-ft from UBC 97,9201 kip-ft from ATC x 0.5, and 8262 kip-ft 
from Sylmar x 1.0. For IRWL, the maximum shear from UBC analysis is 601 kip,
657 kip from ATC x 0.5 and 952 kip from Sylmar x 1.0, while the maximum 
moments are 16227 ft-kip from UBC 97, 14200 kip-ft from ATC x 0.5 and 17280 
kip-ft from Sylmar x 1.0. It is evident that by dividing the maximum moments and 
shear obtained from the AASHTO analysis by a response modification factor of three, 
the values recommended for design are far below the values obtained from a response 
spectral analysis and DRAIN results to ATC x 0.5 and Sylmar x 1.0.
2. Seismic vulnerability assessment o f the bridge constructed in 1960s was very 
necessary. The analytical research of the bridge columns showed that they are unable 
to withstand a strong earthquake.
3. The approach followed in this research to calculate maximum moment and shear 
demand due to strong motion earthquakes using seismic code provisions and 
nonlinear finite element analysis o f  bridges is very realistic. It provides very good 
comparison amongst the requirements o f various analytical techniques.
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4. The shear and moment demands determined using the seismic provisions of 
AASHTO are lower than the shear and moment demand determined from finite 
element analysis using DRAIN-3DX. So, performance based design of the bridges is 
recommended.
5. Columns should be retrofitted whenever shear or moment demand exceeds the 
capacities of the columns.
6. Retrofit design o f the columns was governed by minimum confinement requirements.
7. The column retrofit was designed using layers o f CFRP and GFRP to provide 
sufficient confinement and to enhance the shear and moment capacities and ductility 
at the top and base of columns while satisfying the minimum confinement through 
out the column length.
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TITLE: RCMC OUTPUT FILE FOR IRWD OFF-RAMP COLUMNS IN STRONG (TRANSVERSE 
DIRECTION)
* * * * * * * * * * * * * * * * * * * * * * *
* MATERIAL PROPERTIES * 
* * * * * * * * * * * * * * * * * * * * * * *
UNCONFINED CONCRETE
Strength (psi) Strain at Strength Ultimate Strain 
5000 0.002 0.004
STEEL
Yield E Strain at Ult. Strength Strain at
Type (psi) (psi) Hardening (psi) Ultimate
I 44000 2.9ef07 0.01 76000 0.18
* * * * * * * * * * * * * * * * * * * * * *
* SECTION PROPERTIES * 
* * * * * * * * * * * * * * * * * * * * * *
Section is non-circular
Concrete Layers
Begin. Layer Begin. Ending 
Layer Height Height Width Width Conf. 
No. (in.) (in.) (in.) (in.) Confined Type
I 0.00 18.00 0.00 36.00 No N/A
2 18.00 30.00 36.00 48.00 No N/A
3 48.00 30.00 48.00 36.00 No N/A
4 78.00 18.00 36.00 0.00 No N/A
Steel Layers
Layer Height Area Steel 
No. (in.) (sq. in.) Type
1 5.92 1.56 1
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2 9.38 3.12
3 12.92 4.68
4 16.43 3.12
5 20.09 7.80
6 25.65 3.12
7 31.10 4.68
8 36.89 4.68
9 42.34 3.12
10 48.00 4.68
11 53.41 4.68
12 59.29 3.12
13 64.64 4.68
14 70.53 3.12
15 75.87 7.80
16 79.54 3.12
17 83.14 4.68
18 86.59 3.12
19 90.06 1.56
Section Parameters
Section Depth = 96.00 in.
Cross sectional area = 3168.00 sq. in.
Steel area = 76.44 sq. in.
Steel ratio = 2.41 %
Distance of Plastic Center to extreme tension fiber = 47.98 in.
* * * * * * * * * * * * * * * * * * * * * * * * * * * * *
* MOMENT-CURVATURE ANALYSIS * 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * *
Run # 1
Axial Load = 737.00 Kips
Moment Curvature Y N.A 
(Kip-in) (rad/in) (in) Top Strain
Strain in Steel 
Layer#] Layer #19
0.0 0 .
14991.2
24465.3
32970.3
41296.1
49532.4
57681.2
65731.6
73680.0
81519.6
89153.2
000000 
0.000002 
0.000005 
0.000008 
0.000011 
0.000014 
0.000017 
0.000020 
0.000023 
0.000026 
0.000029
0.00005 0.
27.612 0.00015
44.467
50.888
54.195
56.168
57.456
58.346
58.986
59.459
59.827
0.00025
0.00035
0.00045
0.00055
0.00065
0.00075
0.00085
0.00095
0.00105
00005 0.
-0.00005 
-0.00019 
-0.00035 
-0.00052 
-0.00069 
-0.00087 
-0.00104 
- 0.00122 
-0.00139 
-0.00156
00005 
0.00013 
0.00022 
0.00030 
0.00038 
0.00047 
0.00055 
0.00063 
0.00071 
0.00079 
0.00088
Steel layer No. 1 has yielded ***
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95997.6 0.000032 60.203 0.00115 -0.00174 0.00096
*** Steel layer No. 2 has yielded ***
101475.6 0.000035 60.684 0.00125 -0.00193 0.00104
*** Steel layer No. 3 has yielded ***
*** Steel layer No. 4 has yielded ***
105819.9 0.000039 61.239 0.00135
*** Steel layer No. 5 has yielded ***
109286.1 0.000042 61.823 0.00145
*** Steel layer No. 6 has yielded ***
112233.6 0.000046 62.389 0.00155
114839.0 0.000050 62.921 0.00165
*** Steel layer No. 7 has yielded ***
117040.7 0.000054 63.437 0.00175
119043.3 0.000058 63.912 0.00185
*** Steel layer No. 8 has yielded ***
120551.3 0.000062 64.380 0.00195
*** Steel layer No. 19 has yielded ***
122000.7 0.000066 64.786 0.00205
123193.9 0.000070 65.176 0.00215
-0.00214 0.00112
-0.00237 0.00120
-0.00260
-0.00284
-0.00309
-0.00334
-0.00386
-0.00413
0.00127
0.00135
0.00143
0.00151
-0.00360 0.00158
0.00166
0.00173
*** Steel layer No. 9 has yielded ***
124234.4 0.000074 65.519 0.00225 -0.00439 0.00181
*** Steel layer No. 18 has yielded ***
125129.1 0.000078 65.805 0.00235 -0.00466 0.00189
125961.5 0.000082 66.051 0.00245 -0.00491 0.00196
126588.2 0.000086 66.298 0.00255 -0.00518 0.00204
*** Steel layer No. 10 has yielded ***
127039.7 0.000090 66.541 0.00265 -0.00545 0.00211
127401.1 0.000094 66.737 0.00275 -0.00571 0.00219
*** Steel layer No. 17 has yielded ***
127632.0 0.000098 66.887 0.00285 -0.00597 0.00227
127901.2 0.000102 67.014 0.00295 -0.00621 0.00234
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128087.1 0.000106 67.121 0.00305
128238.4 0.000109 67.209 0.00315
128240.6 0.000113 67.317 0.00325
*** Steel layer No. 11 has yielded ***
128188.7 0.000117 67.416 0.00335
128118.5 0.000121 67.498 0.00345
128021.0 0.000125 67.567 0.00355
127894.2 0.000129 67.615 0.00365
*** Steel layer No. 16 has yielded ***
127720.7 0.000132 67.641 0.00375
127531.9 0.000136 67.655 0.00385
127319.6 0.000139 67.660 0.00395
127083.3 0.000143 67.654 0.00405
__ __—  Failure in concrete
-0.00646 0.00242
-0.00670 0.00250
-0.00695 0.00257
-0.00720
-0.00745
-0.00769
-0.00793
-0.00816
-0.00838
-0.00860
-0.00882
0.00265
0.00273
0.00281
0.00288
0.00296
0.00304
0.00312
0.00320
*****************************
* MOMENT-CURVATURE ANALYSIS * *****************************
Run # 2
Axial Load = 802.00 Kips
Moment Curvature Y_N.A 
(Kip-in) (rad/in) (in) Top Strain
Strain in Steel 
Layer #1 Layer# 19
0.0 0 ,
15286.7
25023.5
33567.1
41878.9
50086.3
58209.9
66235.6
74158.0
81970.6
89627.0
000000
0.000002
0.000005
0.000008
0.000011
0.000014
0.000017
0.000020
0.000023
0.000026
0.000029
0.00005 0,
24.932 0.00015
42.767
49.659
53.240
55.390
56.798
57.776
58.483
59.007
59.410
0.00025
0.00035
0.00045
0.00055
0.00065
0.00075
0.00085
0.00095
0.00105
00005 0.1
-0.00004 
-0.00017 
-0.00033 
-0.00050 
-0.00067 
-0.00085 
- 0.00102 
-0.00119 
-0.00137 
-0.00154
00005 
0.00014 
0.00022 
0.00031 
0.00039 
0.00047 
0.00055 
0.00063 
0.00072 
0.00080 
0.00088
*** Steel layer No. 1 has yielded ***
96539.0 0.000032 59.807 0.00115 -0.00171 0.00096
*** Steel layer No. 2 has yielded ***
102222.8 0.000035 60.283 0.00125 -0.00191 0.00104
*** Steel layer No. 3 has yielded ***
*** Steel layer No. 4 has yielded ***
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106788.5 0.000038 60.827 0.00135
*** Steel layer No. 5 has yielded ***
- 0.00211  0.00112
110291.0 0.000042 
113279.7 0.000046
61.429 0.00145 
62.010 0.00155
-0.00233
-0.00256
0.00120
0.00128
*** Steel layer No. 6 has yielded ***
116015.5 0.000049 62.537 0.00165 -0.00279 0.00136
*** Steel layer No. 7 has yielded ***
118211.2 0.000053 
120342.6 0.000057
63.073 0.00175 
63.538 0.00185
-0.00304
-0.00329
0.00144
0.00151
*** Steel layer No. 8 has yielded ***
121842.2 0.000061 64.020 0.00195 -0.00355 0.00159
*** Steel layer No. 19 has yielded ***
123287.1 0.000065 
124595.9 0.000069
64.441 0.00205 
64.826 0.00215
-0.00380
-0.00407
0.00167
0.00174
*** Steel layer No. 9 has yielded ***
125541.1 0.000073 65.176 0.00225 -0.00433 0.00182
*** Steel layer No. 18 has yielded ***
126464.9 0.000077 
127288.2 0.000081 
128029.5 0.000085
65.473 0.00235 
65.729 0.00245 
65.954 0.00255
-0.00459
-0.00484
-0.00510
0.00189
0.00197
0.00205
*** Steel layer No. 10 has yielded ***
128472.3 0.000089 
128800.8 0.000093
66.206 0.00265 
66.397 0.00275
-0.00537
-0.00562
0.00212
0.00220
*** Steel layer No. 17 has yielded ***
129062.0 0.000097 
129280.4 0.000101 
129457.8 0.000105
129598.1 0.000108 
129700.7 0.000112
66.554 0.00285 
66.687 0.00295 
66.799 0.00305 
66.892 0.00315 
66.969 0.00325
-0.00587
-0.00612
-0.00636
-0.00660
-0.00684
0.00228
0.00235
0.00243
0.00251
0.00259
*** Steel layer No. 11 has yielded ***
129644.5 0.000116 
129563.8 0.000120 
129455.0 0.000123
67.071 0.00335 
67.157 0.00345 
67.228 0.00355
-0.00709
-0.00733
-0.00757
0.00266
0.00274
0.00282
Steel layer No. 16 has yielded ***
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129297.6 0.000127 67.267 0.00365 -0.00780 0.00290
129114.2 0.000131 67.295 0.00375 -0.00802 0.00298
128909.7 0.000134 67.312 0.00385 -0.00824 0.00305
128688.5 0.000138 67.318 0.00395 -0.00846 0.00313
128436.8 0.000141 67.314 0.00405 -0.00867 0.00321
—  Failure in concrete
*****************************
* MOMENT-CURVATURE ANALYSIS * *****************************
Run # 3
Axial Load = 740.00 Kips
Moment Curvature Y N.A 
(Kip-in) (rad/in) (in) Top Strain
Strain in Steel 
Layer#! Layer #19
0.0 0 .
15005.9
24491.5
32997.9
41320.7
49557.9
57705.6
65757.3
73704.3
81540.2
89171.0
000000
0.000002
0.000005
0.000008
0.000011
0.000014
0.000017
0.000020
0.000023
0.000026
0.000029
0.00005 0.
27.486 0.00015
44.387
50.831
54.151
56.132
57.425
58.319
58.963
59.438
59.808
0.00025
0.00035
0.00045
0.00055
0.00065
0.00075
0.00085
0.00095
0.00105
00005 0.
-0.00005 
-0.00018 
-0.00035 
-0.00052 
-0.00069 
-0.00086 
-0.00104 
- 0.00121 
-0.00139 
-0.00156
00005 
0.00013 
0.00022 
0.00030 
0.00038 
0.00047 
0.00055 
0.00063 
0.00071 
0.00079 
0.00088
*** Steel layer No. 1 has yielded ***
96022.2 0.000032 60.185 0.00115 -0.00174 0.00096
*** Steel layer No. 2 has yielded ***
101497.7 0.000035 60.665 0.00125 -0.00193 0.00104
*** Steel layer No. 3 has yielded ***
*** Steel layer No. 4 has yielded ***
105864.2 0.000039 61.220 0.00135 -0.00214 0.00112
*** Steel layer No. 5 has yielded ***
109335.2 0.000042 61.804 0.00145 -0.00237 0.00120
*** Steel layer No. 6 has yielded ***
112282.6 0.000046 62.371 0.00155 -0.00260 0.00127
114893.5 0.000050 62.903 0.00165 -0.00284 0.00135
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
113
Steel layer No. 7 has yielded
117094.7 0.000054
119101.9 0.000058
63.420 0.00175
63.895 0.00185
-0.00308
-0.00334
*** Steel layer No. 8 has yielded ’
0.00143
0.00151
120611.5 0.000062 64.363 0.00195 -0.00360 0.00158
*** Steel layer No. 19 has yielded ***
122059.7
123295.6
0.000066
0.000070
64.770
65.159
0.00205
0.00215
-0.00386
-0.00413
0.00166
0.00173
*** Steel layer No. 9 has yielded ***
124296.3 0.000074 65.503 0.00225 -0.00439 0.00181
*** Steel layer No. 18 has yielded * * *
125192.6
126022.5
126654.5
0.000078
0.000082
0.000086
65.789
66.036
66.282
0.00235
0.00245
0.00255
-0.00465
-0.00491
-0.00517
0.00189
0.00196
0.00204
*** Steel layer No. 10 has yielded ***
127107.3
127466.2
0.000090
0.000094
66.525
66.721
0.00265
0.00275
-0.00544
-0.00571
0.00211
0.00219
*** Steel layer No. 17 has yielded ***
127698.0 
127963.7 
128150.2
128302.0
128307.1
0.000098
0.000102
0.000105
0.000109
0.000113
66.871
66.999
67.106
67.194
67.301
0.00285
0.00295
0.00305
0.00315
0.00325
-0.00596
-0.00621
-0.00645
-0.00670
-0.00695
0.00227
0.00234
0.00242
0.00250
0.00258
*** Steel layer No. 11 has yielded ***
128255.6
128185.7 
128088.4 
127958.1
0.000117
0.000121
0.000125
0.000128
67.400
67.482
67.551
67.599
0.00335
0.00345
0.00355
0.00365
-0.00720
-0.00744
-0.00769
-0.00792
0.00265
0.00273
0.00281
0.00288
*** Steel layer No. 16 has yielded ***
127788.7
127595.6
127383.1
127146.5
0.000132
0.000136
0.000139
0.000143
—  Failure
67.624
67.639
67.644
67.638
in concrete
0.00375
0.00385
0.00395
0.00405
-0.00815
-0.00837
-0.00859
-0.00881
0.00296
0.00304
0.00312
0.00320
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TITLE: RCMC OUTPLTT FILE FOR 1RWL-2RWL OFF-RAMP COLUMNS IN STRONG 
(TRANSVERSE) DIRECTION.
***********************
* MATERIAL PROPERTIES ************************
UNCONFINED CONCRETE
Strength (psi) Strain at Strength Ultimate Strain 
5000 0.002 0.004
STEEL
Yield E Strain at Ult. Strength Strain at
Type (psi) (psi) Hardening (psi) Ultimate
1 44000 2.9ef07 0.01 76000 0.18
* * * * * * * * * * * * * * * * * * * * * *
* SECTION PROPERTIES * 
* * * * * * * * * * * * * * * * * * * * * *
Section is non-circular 
Concrete Layers
Begin. Layer Begin. Ending 
Layer Height Height Width Width Conf. 
No. (in.) (in.) (in.) (in.) Confined Type
1 0.00 216.00 12.00 12.00 No N/A
Steel Layers
Layer Height Area Steel 
No. (in.) (sq. in.) Type
1 3.00 4.68 1
2 9.00 3.12 1
3 12.13 1.56 1
4 18.00 1.56 1
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5 21.26 1.56
6 30.39 1.56
7 39.52 1.56
8 48.65 1.56
9 57.78 1.56
10 66.19 1.56
11 76.04 1.56
12 85.17 1.56
13 94.30 1.56
14 103.43 1.56
15 112.56 1.56
16 121.69 1.56
17 130.80 1.56
18 139.96 1.56
19 149.08 1.56
20 158.20 1.56
21 167.35 1.56
22 176.78 1.56
23 185.61 1.56
24 194.74 1.56
25 198.00 1.56
26 203.87 1.56
27 207.00 3.12
28 213.00 4.68
Section Parameters
Section Depth = 216.00 in.
Cross sectional area = 2592.00 sq. in.
Steel area = 53.04 sq. in.
Steel ratio = 2.05 %
Distance of Plastic Center to extreme tension fiber = 108.00 in.
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* * * * * * * * * * * * * * * * * * * * * * * * * * * * *
* MOMENT-CURVATURE ANALYSIS * 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * *
Run # 1
Axial Load = 737.00 Kips
Moment Curvature Y_N.A Strain in Steel
(Kip-in) (rad/in) (in) Top Strain Layer # 1 Layer #  28
0.0  0 .
42923.1 
70312.8
95517.1 
120503.3
145277.0
169730.0 
193781.5 
214496.2
000000
0.000000
0.000002
0.000004
0.000005
0.000007
0.000009
0.000010
0.000012
0.00006 0.00006 0.00006 
51.166 0.00016 -0.00005 0.00016
102.571
121.376
130.581
135.865
139.199
141.432
143.645
0.00026
0.00036
0.00046
0.00056
0.00066
0.00076
0.00086
-0.00023
-0.00045
-0.00069
-0.00093
-0.00117
-0.00141
-0.00167
0.00025
0.00035
0.00044
0.00054
0.00063
0.00073
0.00082
* * *  Steel layer No. 1 has yielded ***
*** Steel layer No. 2 has yielded ***
*** Steel layer No. 3 has yielded ***
227690.3 0.000014 146.797 0.00096 -0.00199 0.00092
*** Steel layer No. 4 has yielded ***
*** Steel layer No. 5 has yielded ***
*** Steel layer No. 6 has yielded ***
237883.2 0.000016 149.835 0.00106 -0.00235 0.00101
*** Steel layer No. 7 has yielded ***
*** Steel layer No. 8 has yielded ***
245961.2 0.000018 152.684 0.00116 -0.00274 0.00110
*** Steel layer No. 9 has yielded ***
* * *  Steel layer No. 10 has yielded ***
252534.9 0.000021 155.301 0.00126 -0.00316 0.00120
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*** Steel layer No. 11 has yielded ***
257966.5 0.000023 157.694 0.00136 -0.00361 0.00129
*** Steel layer No. 12 has yielded ***
262470.4 0.000026 159.889 0.00146 -0.00408 0.00138
*** Steel layer No. 13 has yielded ***
266247.6 0.000029 161.898 0.00156 -0.00458 0.00147
*** Steel layer No. 14 has yielded ***
269200.4 0.000032 163.584 0.00166 -0.00508 0.00156
*** Steel layer No. 15 has jdelded ***
*** Steel layer No. 28 has yielded ***
271512.6 0.000034 164.968 0.00176 -0.00558 0.00166
273354.7 0.000037 166.255 0.00186 -0.00610 0.00175
*** Steel layer No. 16 has yielded ***
*** Steel layer No. 27 has yielded ***
274809.6 0.000040 167.247 0.00196 -0.00660 0.00184
275918.5 0.000043 168.126 0.00206 -0.00710 0.00193
Steel layer No. 17 has yielded * * *
*** Steel layer No. 26 has yielded ***
276614.2 0.000046 168.798 0.00216 -0.00759 0.00202
277094.6 0.000048 169.297 0.00226 -0.00805 0.00211
277399.4 0.000051 169.658 0.00236 -0.00849 0.00221
277422.4 0.000053 169.979 0.00246 -0.00892 0.00230
*** Steel layer No. 18 has yielded ***
277286.0 0.000056 170.172 0.00256 -0.00934 0.00239
*** Steel layer No. 25 has yielded ***
277027.6 0.000058 170.263 0.00266
276694.3 0.000060 170.280 0.00276
*** Steel layer No. 1 has entered strain
276304.7 0.000062 170.217 0.00286
-0.00973
- 0.01010
0.00249
0.00258
hardening *** 
-0.01044 0.00267
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* * *  Steel layer No. 2 has entered strain hardening ***
*** Steel layer No. 24 has yielded ***
275826.5 0.000064 170.060 0.00296 -0.01076 0.00277
*** Steel layer No. 3 has entered strain hardening ***
275272.9 0.000066 169.854 0.00306 -0.01106 0.00286
*** Steel layer No. 4 has entered strain hardening ***
274687.6 0.000068 169.602 0.00316 -0.01134 0.00295
*** Steel layer No. 5 has entered strain hardening ***
273967.8 0.000070 169.309 0.00326 -0.01161 0.00305
273205.3 0.000071 168.979 0.00336 -0.01186 0.00315
272372.9 0.000073 168.614 0.00346 -0.01209 0.00324
*** Steel layer No. 6 has entered strain hardening ***
271473.9 0.000074 168.215 0.00356 -0.01231 0.00334
270501.7 0.000076 167.785 0.00366 -0.01251 0.00343
269459.9 0.000077 167.324 0.00376 -0.01269 0.00353
268347.3 0.000079 166.833 0.00386 -0.01286 0.00362
267141.9 0.000080 166.294 0.00396 -0.01301 0.00372
*** Steel layer No. 7 has entered strain hardening ***
*** Steel layer No. 23 has yielded ***
265424.2 0.000080 165.537 0.00406 -0.01308 0.00382
= = = = =  Failure in concrete =======
* * * * * * * * * * * * * * * * * * * * * * * * * * * * *
* MOMENT-CURVATURE ANALYSIS * 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * *
Run # 2
Axial Load = 803.00 Kips
Moment Curvature Y_N.A Strain in Steel
(Kip-in) (rad/in) (in) Top Strain Layer # 1 Layer # 28
0.0 0.000000 0.00006 0.00006 0.00006
43731.1 0.000000 42.918 0.00016 -0.00004 0.00016
71817.0 0.000002 97.292 0.00026 -0.00021 0.00026
96980.2 0.000004 117.725 0.00036 -0.00043 0.00035
121811.6 0.000005 127.833 0.00046 -0.00066 0.00045
146428.4 0.000007 133.668 0.00056 -0.00090 0.00054
170740.1 0.000008 137.367 0.00066 -0.00114 0.00064
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194667.9 0.000010 139.857 0.00076 -0.00137 0.00073
216407.8 0.000012 141.997 0.00086 -0.00162 0.00083
*** Steel layer No. 1 has yielded ***
*** Steel layer No. 2 has yielded ***
*** Steel layer No. 3 has yielded ***
230203.8 0.000014 145.179 0.00096 -0.00194 0.00092
*** Steel layer No. 4 has yielded ***
*** Steel layer No. 5 has yielded ***
*** Steel layer No. 6 has yielded ***
240784.7 0.000016 148.272 0.00106 -0.00228 0.00102
*** Steel layer No. 7 has yielded ***
*** Steel layer No. 8 has yielded ***
249253.3 0.000018 151.149 0.00116 -0.00266 0.00111
*** Steel layer No. 9 has yielded ***
*** Steel layer No. 10 has yielded ***
256010.4 0.000020 153.837 0.00126 -0.00307 0.00120
*** Steel layer No. 11 has yielded ***
261629.6 0.000023 156.283 0.00136 -0.00350 0.00130
*** Steel layer No. 12 has yielded ***
266320.6 0.000025 158.517 0.00146 -0.00396 0.00139
*** Steel layer No. 13 has yielded ***
270283.0 0.000028 160.552 0.00156 -0.00445 0.00148
* * *  Steel layer No. 14 has yielded ***
273371.5 0.000031 162.227 0.00166 -0.00493 0.00157
*** Steel layer No. 15 has yielded ***
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Steel layer No. 28 has yielded ***
275680.6 0.000034 163.684 0.00176 -0.00542 0.00166
277659.4 0.000037 164.936 0.00186 -0.00591 0.00176
*** Steel layer No. 16 has yielded ***
*** Steel layer No. 27 has yielded ***
279107.0 0.000039 165.985 0.00196 -0.00640 0.00185
280338.3 0.000042 166.818 0.00206 -0.00688 0.00194
*** Steel layer No. 26 has yielded ***
281020.5 0.000045 167.523 0.00216 -0.00735 0.00203
*** Steel layer No. 17 has yielded ***
281439.9 0.000047 168.053 0.00226 -0.00780 0.00212
281747.6 0.000050 168.440 0.00236 -0.00823 0.00222
281859.4 0.000052 168.703 0.00246 -0.00864 0.00231
*** Steel layer No. 25 has yielded ***
281701.5 0.000054 168.877 0.00256 -0.00903 0.00240
*** Steel layer No. 18 has yielded ***
281408.6 0.000057 168.981 0.00266 -0.00941 0.00249
281023.4 0.000059 169.010 0.00276 -0.00977 0.00259
280512.3 0.000061 168.925 0.00286 -0.01010 0.00268
*** Steel layer No. 1 has entered strain hardening ***
*** Steel layer No. 24 has yielded ***
279951.3 0.000063 168.777 0.00296 -0.01041 0.00278
*** Steel layer No. 2 has entered strain hardening ***
279339.6 0.000065 168.574 0.00306 -0.01070 0.00287
*** Steel layer No. 3 has entered strain hardening ***
278656.3 0.000066 168.324 0.00316 -0.01098 0.00297
277904.8 0.000068 168.031 0.00326 -0.01123 0.00306
*** Steel layer No. 4 has entered strain hardening ***
277090.1 0.000070 167.697 0.00336 -0.01147 0.00316
*** Steel layer No. 5 has entered strain hardening ***
276199.9 0.000071 167.327 0.00346 -0.01170 0.00325
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275234.8 0.000073 166.923 0.00356 -0.01191 0.00335
274204.2 0.000074 166.484 0.00366 -0.01210 0.00344
*** Steel layer No. 6 has entered strain hardening ***
273102.2 0.000075 166.013 0.00376
271929.7 0.000077 165.491 0.00386
* * *  Steel layer No. 23 has yielded ***
270579.5 0.000078 164.897 
268735.3 0.000078 164.103
0.00396
0.00406
-0.01228
-0.01243
-0.01256
-0.01262
0.00354
0.00363
0.00373
0.00383
Failure in concrete ■
*****************************
* MOMENT-CURVATURE ANALYSIS * 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * *
Run # 3
Axial Load = 740.00 Kips
Moment Curvature Y N.A 
(Kip-in) (rad/in) (in) Top Strain
Strain in Steel 
Layer # 1 Layer # 28
0.0 0.
42963.2 
70381.9
95583.2
120562.0 
145328.5
169775.2 
193820.8
214577.0
000000
0.000000
0.000002
0.000004
0.000005
0.000007
0.000009
0.000010
0.000012
0.00006 0.00006 0.00006
50.783
102.330
121.211
130.457
135.766
139.117
141.361
143.571
0.00016
0.00026
0.00036
0.00046
0.00056
0.00066
0.00076
0.00086
-0.00005
-0.00023
-0.00045
-0.00068
-0.00093
-0.00117
-0.00141
-0.00167
0.00016
0.00025
0.00035
0.00044
0.00054
0.00063
0.00073
0.00082
*** Steel layer No. 1 has yielded ***
*** Steel layer No. 2 has yielded ***
*** Steel layer No. 3 has yielded ***
227804.5 0.000014 146.724 0.00096 -0.00199 0.00092
*** Steel layer No. 4 has yielded ***
*** Steel layer No. 5 has yielded ***
*** Steel layer No. 6 has yielded ***
238001.9 0.000016 149.764 0.00106 -0.00235 0.00101
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*** Steel layer No. 7 has yielded ***
*** Steel layer No. 8 has yielded ***
246110.8 0.000018 152.615 0.00116 -0.00274 0.00110
*** Steel layer No. 9 has yielded ***
*** Steel layer No. 10 has yielded ***
252673.5 0.000021 155.235 0.00126 -0.00316 0.00120
*** Steel layer No. 11 has yielded ***
258134.4 0.000023 157.630 0.00136 -0.00360 0.00129
*** Steel layer No. 12 has yielded ***
262646.5 0.000026 159.827 0.00146 -0.00408 0.00138
*** Steel layer No. 13 has yielded ***
266430.0 0.000029 161.838 0.00156 -0.00457 0.00147
*** Steel layer No. 14 has yielded ***
269390.5 0.000032 163.523 0.00166 -0.00508 0.00156
*** Steel layer No. 15 has yielded ***
*** Steel layer No. 28 has yielded ***
271700.4 0.000034 164.911 0.00176 -0.00558 0.00166
273553.1 0.000037 166.195 0.00186 -0.00609 0.00175
*** Steel layer No. 16 has yielded ***
*** Steel layer No. 27 has yielded ***
275006.4 0.000040 167.190 0.00196 -0.00659 0.00184
276120.5 0.000043 168.067 0.00206 -0.00709 0.00193
*** Steel layer No. 17 has yielded * * *
* * *  Steel layer No. 26 has yielded ***
276814.2 0.000046 168.741 0.00216 -0.00757 0.00202
277260.1 0.000048 169.241 0.00226 -0.00804 0.00212
277595.3 0.000051 169.604 0.00236 -0.00847 0.00221
277627.9 0.000053 169.921 0.00246 -0.00891 0.00230
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*** Steel layer No. 18 has yielded ***
277487.1 0.000056 170.114 0.00256 -0.00932 0.00239
*** Steel layer No. 25 has yielded ***
277229.1 0.000058 170.205 0.00266 -0.00971 0.00249
276891.0 0.000060 170.223 0.00276 -0.01008 0.00258
*** Steel layer No. 1 has entered strain hardening ***
276496.1 0.000062 170.159 0.00286 -0.01043 0.00267
*** Steel layer No. 2 has entered strain hardening ***
*** Steel layer No. 24 has yielded ***
276012.7 0.000064 170.003 0.00296 -0.01075 0.00277
*** Steel layer No. 3 has entered strain hardening ***
275456.9 0.000066 169.797 0.00306 -0.01105 0.00286
*** Steel layer No. 4 has entered strain hardening ***
274869.0 0.000068 169.545 0.00316 -0.01133 0.00296
*** Steel layer No. 5 has entered strain hardening ***
274146.5 0.000070 169.252 0.00326 -0.01159 0.00305
273381.3 0.000071 168.922 0.00336 -0.01184 0.00315
272548.4 0.000073 168.556 0.00346 -0.01207 0.00324
*** Steel layer No. 6 has entered strain hardening ***
271645.9 0.000074 168.157 0.00356 -0.01229 0.00334
270673.0 0.000076 167.726 0.00366 -0.01249 0.00343
269627.2 0.000077 167.265 0.00376 -0.01267 0.00353
268510.3 0.000078 166.774 0.00386 -0.01284 0.00362
267300.1 0.000080 166.231 0.00396 -0.01299 0.00372
* * * Steel layer No. 7 has entered strain hardening ***
*** Steel layer No. 23 has yielded ***
265579.5 0.000080 165.473 0.00406 -0,01305 0.00382
======= Failure in concrete = = = = =
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TITLE : SAMPLE CALCULATION IN EXCEL SPREAD SHEET OF UBC 1997 ANALYSIS FOR 
IWRD OFF-RAMP
I = 
E = 
LI =
I = 
E = 
L2 =
74.9155 fL'4 1553447.808 inch^ '4
3600 ksi 3600 ksi
20.5 ft 246 inch
K  1= 1126.977125 kip per inch
74.9155 ftM 1553447.808 inchM
3600 ksi 3600 ksi
18.7 ft 224.4 inch
K2= 1484.744976 kip per inch
a = distance between columns = 
stiffiiess matrix:
95.28 feet 1143.36 inch
2611.7221 204528.7252
204528.7252 853557851.9
Mass Matrix: 
m  = W/g = 3.939544513
W =  1522.24 Kips
g = 386.4 inch per second^ 2
Jm = 2981714.433
b= 26.5 feet 318 inch
L =  249.74 feet 2996.88 inch
Mass Matrix:
3.939544513 0
0 2981714.433
The Eigen value equation is, 
0 = [k] - w^2 [m] [X]
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0 = 2611.7221 204528.7252 _w''2 3.939544513 0
204528.7252 853557851.9 0 2981714.433
2.22926E+12
41831999437
-7787409482 w''2 -3362629152 w^2 11746596.74 w^4
2.18742E+12 -11150038634 w^2 11746596.74 w M
w2^2 672.1782345 l/w2''2 = 0.001487701
w2 = 25.92640034 rad per sec
wl^2 277.0361537 l/wr2 = 0.003609637
wl = 16.64440307 rad per sec
T2= 0.242224139 second
T1 = 0.377304009 second
From Chart ;
Sal (stiff soil)= 0.7 g 270.48 inch per second'^ 2
Sa2 (stiff soi 1)= 0.7 g 270.48 inch per second*2
0.473131822 radian/second
Value of g = 386.4 inch per second''2
Sal (hard rockl)=0.4 g 154.56 inch per second^2
Sa2 (hard rock)= 0.4 g 154.56 inch per second''!
Finding values of X  and Theta and normalizing with respect to X
Mode-1 Mode-2 
1 1
Mass matrix 
3.939544513 0
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-0.007433312 0.000177745 2981714.433
Fi matrix:
0.076993365
-0.000572316
0.49790408
8.85E-05
Matrix Multiplication: 
Transpose of Fi
0.076993365
0.303318789
0.49790408
1.961515288
-0.000572316
-1706.482014
8.85E-05
263.8817355
Mass matrix
X  3.939544513 0
0 2981714.433
Product
Product
0.303318789
Fi Matrix 
-1706.482014
1 1.38778E-15
1.961515288 263.8817355
1.41553E-15 1
X  0.076993365
Identity Matrix 
0.49790408
-0.000572316 8.85E-05
Finding matrix [P]
Transpose of Fi
0.076993365
0.303318789
0.49790408
1.961515288
-0.000572316
-1706.482014
8.85E-05
263.8817355
Mass Matrix
X  3.939544513
Product
0 2981714.433
0.303318789
0
1.961515288
0
Matrix, [I] 
-1706.482014 X  1
263.8817355 0
Participatory Matrix,[P]
0 = 0.303318789
0 1.961515288
Finding [X]
Fi matrix 
0.076993365 
0.023353534 
-0.000572316
0.49790408
0.976646466
8.85E-05
0.000173594 0.000173594
P matrix
X  0.303318789
Product
0 1.961515288
Product Sa matrix product
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0.023353534
264.163336
-0.000173594
0.046953734
0.976646466
0.000173594
X 270.48 0 
G 270.48
= 6.31666396 
-0.046953734
product 
6.31666396 
0.022800865 
-0.046953734 
0.000169486 6.9853 lE-05
inverse of w'^ 2
264.163336 X  0.003609637 0
0.392995968
0.046953734 0 0.001487701
X matrix, [X]
[Xc]= 0.393656843 
0.000183317
[K]= 2611.7221 204528.7252
204528.7252 853557851.9
[K]
2611.7221
24.88477885
204528.7252
-140002.6276
[X]
204528.7252
1040.683221
853557851.9
140002.6276
[F]
X 0.022800865 0.392995968
-0.000169486 6.9853 lE-05
[Fc] = 1040.980701 
197993.6148
Maximum Forces on the top of Piers: 
of piers for different modes:
Pier l(kips) Pier2(kips)
520.4903503 520.4903503 <— Due to displacement
Mode-2(kips)
173.1682189 -173.1682189 <--- Due to Rotation
Pier-1 Pier-2
693.6585692 347.3221314 <— — Total
12.44238942 520.3416106 520.3416106
122.4484219
122.4484219
134.8908113
642.7900324
Foces on the top
Mode-1 (kips) 
Pier-1 Pier-2 
12.44238942 
-122.4484219 -122.4484219
-110.0060324 397.8931887
Combined by square root method:
Pier 1 pier 2 
420.1363119 652.135226
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a = distance between columns = 0  0
Displacement of tops of the piers (inch)
95.28 feet 1143.36 inch
Mode-1 (inch) Mode-2(inch)
Pier-1 Pier-2 Pier-1 Pier-2
X matrix, [X] 
0.022800865 0.392995968
0.022800865 0.022800865
-0.000169486 6.98531 E-05
0.392995968 0.392995968 -> displacement
0.096891725 -0.096891725 -0.039933621 0.039933621 -> rotation
0.11969259 -0.07409086 0.353062347 0.432929589 -> total
Maximum Displacement on the top of Piers(inch): 
[Xc]= 0.393656843
Pier l(inch) Pier2(inch)
0.393656843 0.393656843
0.10479838
0.498455224
-0.10479838
0.288858463
<— Due to displacement
 < Due to Rotation
 < Total
0.000183317
Weak Direction:
K1 (Weak)
K2 (Weak)
299.6627443
394.7930658
kip per inch 
kip per inch
K w  = Kl+K2( weak direction) =
E = 3600 Ksi
W  = 1522.24 Kips
L (total)= 249.74 Feet 
8 WD 9 WD 
Displacement : 1.534392807
694.4558101 kip per inch
1.534392807
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TITLE : SAMPLE CALCULATION IN EXCEL SPREAD SHEET FOR AASHTO 1996 ANALYSIS OF 
IRWD OFF-RAMP
AASHTO( 16 th edition, 1996) analysis for the first off ramp structure(l RWD) of Las Vegas Downtown 
Viaduct.
3.1 Applicability of Specifications : Conventional Steel or Concrete Girder and Box Girder bridge with 
span < 500 ft.
3.2 Acceleration Coefficient : From figure 1-5 , Highest contour in Las Vegas region in 17
so, A =  0.17
3.3 Importance Classification : Essential Bridges - 1C = 1
3.4 Seismic Performace Categories ; From table 3.4, SPC - B
3.5 Site Effects ; Soil Profile type II and type 111
3.5.1 Site Coefficient ; From table 3.5.1 , for type 11, S = 1.2
and type 111, S = 1.5
3.6 Elastic Seismic Response Coefficient :
3.6.2 for multi mode :
Cs= 1.2*A*S/T^ (2/3)
3.7 Response Modification Factors(R) :
From Table 3.7, R = 3 ( Single Column)
These Actors shall only be used when all of the design requirements of Sections 6 and 7 are satisfied. 
Otherwise the maximum value for R for substructiu-es and connections shall be 1.00 and 0.8 respectively
4.3 Uniform Load Method, Procedure 1
Length of spans: span 1 =81.401 feet 
E = 3600 Ksi span 2 = 95.281 feet
W =  1522.24 Kips span 3 = 73.057 feet
L (total)= 249.74 Feet
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Length of Column 1,L1 = 20.5
Length of Column 2,L2 = 18.7
Equivalent Static Earthquake Loading : 
Distance between the columns :
Pe = Cs* W/L
feet = 246 inch
feet = 224.4 inch
95.28 feet = 1143.36 inch
For Transverse Direction :
K1 (strong) 1126.9771 Kip per inch
1553447.808 inch^ 4 
K2 ( Strong) 1484.7450 Kip per inch
Ks = K1+ K2 ( Strong direction of the Column) = 
inch
1 (strong) 74.9155 ftM =
2611.7221 Kip per
K1 (Weak) 
K2 (Weak)
LI (inch) =
L2( inch)=
299.6627443
394.7930658
246 inch
224.4 inch
kip per inch 
kip per inch
I (weak)= 19.92 feet^ 4 413061.12 inchM
K w  = Kl+K2( weak direction) = 
Calculation of the periods of the bridge :
694.4558101 kip per inch
T = 2* pi* ((W/g*K)^^0.5)
T1 ( transverse, strong direction ) = 
25.74782069 rad/sec
T2 ( longitudinal, weak direction) = 
13.27698002 rad/sec
0.243904138 seconds frequency,w 1 
0.47299913 Seconds. frequency, w2 =
Soil Type II Soil Type 111 
Cs= 0.6271 0.7839 <--- Strong Direction, Mode 1, Transverse direction
0.4032 0.5041 -Weak Direction, Mode 1, Longitudenal direction
Calculation of equivalent static earthquake loading Pe per unit length( feet) of the bridge :
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Pe= Cs * W/L
soil type II soil Type III
Pe = 3.8223 4.7779 < transverse, mode I
2.4579 3.0724 < —  longitudinal, mode 2
Displacement( inch) by Pe
0.3655 0.4569 <• 
0.8839 1.1049 <
soil type 11 soil Type III
—  transverse, mode 1, strong direction
- longitudinal, mode 2, weak direction
Base shear on Columns:
tributary length of bridge span for column 8WD is 129.042 feet
9 WD 
soil type II 
8 W D  9 WD 
519.1013
264.8759
is 120.688 feet
435.5049 <----transverse, mode 1, strong direction
348.9629 < —  longitudinal, mode 2, weak direction
Displacement:
soil type III 
8 W D  9 WD 
648.8766
331.0816
544.3811
436.1861
0.575767306 0.366649543
1.104847462 1.104847462
 <---- transverse, mode 1, strong direction
< —  longitudinal, mode 2, weak direction
 < transverse, mode 1, strong direction
< —  longitudinal, mode 2, weak direction
Response modification Actor, R
From Table 3.7, R =  3 ( Single Column)
3.7, 3.9,and 4.5.5 Combination of Orthogonal Seismic Forces( Kips): 
soil type II
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8 W D  9 W D
199.5213 180.0646 <---- transverse, mode 1, strong direction
140.2021 159.8714 < —  longitudinal, mode 2 , weak direction
soil type III 
8 W D  9 W D
249.4004 225.0790 <---- transverse, mode 1, strong direction
175.2482 199.8335 < —  longitudinal, mode 2 , weak direction
Moment( kip- ft) Demand on the Columns, Before Combination;
Length of Columns, 8 W D =  8 WD 20.5 feet
9 W D  18.7 feet
soil type II
8 W D  9 W D
Top Bottom Top Bottom
0.00 10641.58 0.00 8143.94 <-----transverse, mode 1, strong direction
5429.96 0.00 6525.61 0.00 < —  longitudinal, mode 2 , weak direction
soil type 111
8 W D  9 W D
Top Bottom Top Bottom
0.00 13301.97 0.00 10179.93 <----transverse, mode 1, strong
direction
6787.17 0.00 8156.68 0.00 < —  longitudinal, mode 2 , weak direction
3.7, 3.9,and 4.5.5 Combination of Orthogonal Seismic Moments( Kip- ft): 
Response Modification Factor : R = 3
soil type 11
8 WD 9 W D
Top Bottom Top Bottom
0.00 3547.19 0.00 2714.65 <----transverse, mode 1, strong direction
1809.99 0.00 2175.20 0.00 < —  longitudinal, mode 2 , weak direction
soil type 111
8 WD 9 WD
Top Bottom Top Bottom
0.00 4433.99 0.00 3393.31 <---transverse, mode 1, strong direction
2262.39 0.00 2718.89 0.00 < —  longitudinal, mode 2, weak direction
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TITLE : DRAIN-3DX INPUT FILE OF IRWD OFF-RAMP FOR SYLMAR 1.0 
ACCELERATION.
'^STARTXX
rampwd 0 1 1 0
♦NODECOORDS
1 X Y Z
C 1 0.0 0.0 0.0
c 2 20.35 0.0 0.0
c 3 40.7 0.0 0.0
c 4 61.05 0.0 0.0
c 5 81.40 0.0 0.0
c 6 105.22 0.0 0.0
c 7 129.04 0.0 0.0
c 8 152.86 0.0 0.0
c 9 176.68 0.0 0.0
c 10 194.95 0.0 0.0
c 11 213.21 0.0 0.0
c 12 231.48 0.0 0.0
c
1
13 249.74 0.0 0.0
c 14 81.40 -2.86 0.0
c 15 176.68 -2.86 0.0
c 16 81.40 -9.69 0.0
c 17 176.68 -9.09 0.0
c 18 81.40 -16.53 0.0
c 19 176.68 -15.33 0.0
c 20 81.40 -23.36 0.0
c 21 176.68 -21.56 0.0
c
1
22 0.00 0.00 1.0
c 23 81.40 0.00 -13.3
c 24 81.40 0.00 13.3
c 25 176.68 0.00 -13.0
c
1
26 176.68 0.00 13.0
c
I
27 -0.25 0.00 0.0
c
1
28 250.00 0.00 0.0
c 29 81.40 -23.36 0.0
c 30 176.68 -21.56 0.0
♦RESTRAINTS
1 XYZXYZ
1 TTTRRR # SUPERSTRI
s 010000 1
s 111111 27
s 010000 13
s 111111 28
1 Footing
s 111111 29
s 111111 30
! Column b<
S 010010 20
S 010010 21
IRWD rampwd, Acc: Sylmar x 1.0
SUPERSTRUCTURE
COLUMNS
bent caps
Spring at main bridge end 
Spring at abutment end 
Footing spring
♦MASSES
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! XYZ MASS #
MDPG
1
S 111 57.1 1
1.0072
S 111 114.2 2
S 111 114.2 3
S 111 114.2 4
S 111 169.8 5
S 111 133.6 6
S 111 133.6 7
S 111 133.6 8
S 111 163.9 9
S 111 102.4 10
S 111 102.4 11
S 111 102.4 12
S 111 
1
51.2 13
S 111 11.3 14
S 111 10.3 15
S 111 22.6 16
S 111 20.6 17
S 111 22.6 18
S 111 20.6 19
S 111 11.3 20
S 111 
1
10.3 21
S 111 9.93 23
S 111 9.93 24
S 111 9.93 25
S 111 9.93 26
♦ELEMENTGROUP
4 1 1 0.1
8 1
! property types
! X-•translation
1 8.02E+05 0.99
2 6.80E+05 0.99
! Y-translation
3 8.25E+05 0.99
4 7.13E+05 0.99
! X-•rocking
5 9.18E+07 0.99
6 7.94E+07 0.99
! Y-•rocking
7 4.36E+07 0.99
8 3.70E+07 0.99
! direction types
! match global axis
1 1 0
! element generation
! X-•translation
1 20 29
2 21 30
! Y-•translation
3 20 29
4 21 30
SUPERSTRUCTURE
COLUMNS
BENT CAPS
1E6 -1E6 .0001 1
1E6 -1E6 .0001 1
1E6 -1E6 .0001 1
1E6 -1E6 .0001 1
1E8 -1E8 .0001 2
1E8 -1E8 .0001 2
1E8 -1E8 .0001 2
1E8 -1E8 .0001 2
0 0 1 0
9 1 1 1
9 2 1 1
9 3 1 3
9 4 1 3
32.2
32.2
32.2
32.2
32.2
32.2
32.2
32.2
32.2
32.2
32.2
32.2
32.2
32.2
32.2
32.2
32.2
32.2
32.2
32.2
32.2
32.2
32.2
32.2
32.2
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X-rocking
5 20 29 9 5 1 1
6 21 30 9 6 1 1
! Y-rocking
7 20 29 9 7 1 3
8 21 30 9 8 1 3
♦ELEMENTGROUP
9 1 1 0.00248
3
! equalizing bolts
1 +1 0.0042 0.495 74530 742
0.0001
! spring on main bridge end, compression
2 -2 0.0044 0.0088 1000000 1000000
0.0001
! Spring on abutment end, compression
3 -1 0.016 0.032 74400 1
0.0001
! compression elements
1 1 27 26 2 -0.125
2 13 28 15 3 -0.125
! tension elements
3 1 27 26 1 -0.125
♦ELEMENTGROUP
15 1 1 0.00209 COLUMNS ELEM.
HING.
1 1 1 1 0 0 0 0 5
! unconfined concrete
5 0 0.5 0.0001
423.00 0.0005
600.00 0.0010
675.00 0.0015
720.00 0.0020
612.00 0.0040
! Steel
4 0. 0001
6336 0.001520
8352 0.050000
10224 0.100000
10944 0.180000
! fibers for columns 8wd, 9wd
54 192.7 29 29 252350.
! FY FZ FA M#
! concrete fibers
0.361 -4.453 0.272 Cl
0.230 -4.133 0.237 Cl
0.229 -2.598 1.340 Cl
1.083 -3.731 2.305 Cl
0.689 -2.372 1.581 Cl
1.518 -2.452 0.440 Cl
0.926 -1.495 1.278 Cl
1.752 -0.817 0.440 Cl
1.068 -0.498 1.278 Cl
0.361 4.453 0.272 Cl
0.230 4.133 0.237 Cl
0.229 2.598 1.340 Cl
1000000
WITH. PLAST.
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1.083 3.731 2.305 Cl
0.689 2.372 1.581 Cl
1.518 2.452 0.440 Cl
0.926 1.495 1.278 Cl
1.752 0.817 0.440 Cl
1.068 0.498 1.278 Cl
-0.361 4.453 0.272 Cl
-0.230 4.133 0.237 Cl
-0.229 2.598 1.340 Cl
-1.083 3.731 2.305 Cl
-0.689 2.372 1.581 Cl
-1.518 2.452 0.440 Cl
-0.926 1.495 1.278 Cl
-1.752 0.817 0.440 Cl
-1.068 0.498 1.278 Cl
-0.361 -4.453 0.272 Cl
-0.230 -4.133 0.237 Cl
-0.229 -2.598 1.340 Cl
-1.083 -3.731 2.305 Cl
-0.689 -2.372 1.581 Cl
-1.518 -2.452 0.440 Cl
-0.926 -1.495 1.278 Cl
-1.752 -0.817 0.440 Cl
-1.068 -0.498 1.278 Cl
steel fibers
0.346 -4.262 0.0217 SI
1.037 -3.571 0.0217 SI
1.397 -2.257 0.0325 SI
1.612 -0.752 0.0325 SI
0.346 4.262 0.0217 SI
1.037 3.571 0.0217 SI
1.397 2.257 0.0325 SI
1.612 0.752 0.0325 SI
-0.346 4.262 0.0217 SI
-1.037 3.571 0.0217 SI
-1.397 2.257 0.0325 SI
-1.612 0.752 0.0325 SI
-0.346 -4.262 0.0217 SI
-1.037 -3.571 0.0217 SI
-1.397 -2.257 0.0325 SI
-1.612 -0.752 0.0325 SI
0.000 -3.900 0.0088 SI
0.000 3.900 0.0088 SI
columns
192.7 165.46 21.21
252350
! ELEMENT GEOMETRY TYPES 
! top of columns 
2
0.236 FI 
0.764 El
2
0.270 FI 
0.730 El 
! middle of columns 
1
1.000 El
29.0 29.0 29.0 580400
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! bottom of column 8wd 
2
0.984 El 
0.016 FI 
! bottom of column 9wd 
2
0.980 El 
0.020 FI 
! ELEMENT GENERATION 
1 column 8wd
1 5 14 9 13 1
2 14 16 2 13 1
3 16 18 2 13 3
4 18 20 2 13 4
! column 9 wd
5 9 15 6 13 2
6 15 17 2 13 2
7 17 19 2 13 3
8 19 21 2 13 5
♦ELEMENTGROUP
17 1 0 0.00248 SUPERSTRUCT
2 2 0 0
! concrete: superstructure
1 580393 252350
artificial rigid material for bent caps and hinges(steel) 
2 4176000 1670400
superstructure properties
1 5047.5 185.4 4862.1 49.8 41.8
! artificial rigid properties bent caps and hinges
2
! element
2025
generation
729.0 1296.0 108.0 108.0
1
0000
1 2 22 1 1
2
0000
2 3 22 1 1
3
0000
3 4 22 1 1
4
0000
4 5 22 1 1
5
0000
5 6 22 1 1
6
OOOO
6 7 22 1 1
7
0000
7 8 22 1 1
8
0000
8 9 22 1 1
9
0000
9 10 22 1 1
10
0000
10 11 22 1 1
11
0000
11 12 22 1 1
12
0000
12 13 22 1 1
13
0000
5 23 18 22 2 2
25.0
108.0
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14 5 24 19 22 2 2
0000
15 9 25 16 22 2 2
0000
16 9 26 17 22 2 2
0000
♦RESULTS
E 001 4 1 16
♦ACCNREC
syll syll (1F10.9) Sylmar
record syll
1500 1 0 1 1 16.1 0.02
♦PARAMETERS
OD 0 0 0 0 0 0 0
0
DC 0 
DT 0.005 
*ACCN
30.0 6000 
1 syll
3 syll
♦STOP
0 6000
Sylmar Dynamic Analysis
Title : DRAIM INPUT FILE OF 1RWL-2RWL OFF-RAMP WITH SYLMAR X  1.0 ACCELERATION.
♦STARTXX
rampwl O i l 0 1
♦NODECOORDS
1 X Y Z
C 1 0.0 0.0 0.0
C 2 20.60 0.0 0.0
C 3 41.42 0.0 0.0
C 4 61.81 0.0 0.0
C 5 78.89 0.0 0.0
C 6 106.76 0.0 0.0
C 7 131.12 0.0 0.0
C 8 155.47 0.0 0.0
C 9 179.83 0.0 0.0
C 10 208,92 0.0 0.0
C 11 238.00 0.0 0.0
C 12 267.09 0.0 0.0
C 13 267.19 0.0 0.0
C 14 280.69 0.0 0.0
C 15 300.70 0.0 0.0
C 16 320.71 0.0 0.0
C 17 340.72 0.0 0.0
C 18 
1
360.73 0.0 0.0
C 19 82.41 -2.82 0.0
C 20 179.83 -2.82 0.0
C 21 280.69 -2.82 0.0
C 22 82.41 -9.28 0.0
Rampwl, Acc : Sylmar x 1.0
SUPERSTRUCTURE
Columns
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c 23 1 7 9 . 8 3 - 9 . 1 5 0 . 0
c 24 2 8 0 . 6 9 - 7 . 8 9 0 . 0
c 25 8 2 . 4 1 - 1 5 . 7 5 0 . 0
c 26 1 7 9 . 8 3 - 1 5 . 4 5 0 . 0
c 27 2 8 0 . 6 9 - 1 2 . 9 7 0 . 0
c 28 8 2 . 4 1 - 2 2 . 2 1 0 . 0
c 29 1 7 9 . 8 3 - 2 1 . 8 2 0 . 0
c 30 2 8 0 . 6 9 - 1 8 . 0 4 0 . 0
c 31 8 2 . 4 1 - 2 6 . 2 1 0 . 0
c 32 1 7 9 . 8 3 - 2 5 . 8 2 0 . 0
c 33 2 8 0 . 6 9 - 2 2 . 0 4 0 . 0
c 34 8 2 . 4 1 - 3 0 . 2 1 0 . 0
c 35 1 7 9 . 8 3 - 2 9 . 8 2 0 . 0
c 36 2 8 0 . 6 9 - 2 6 . 0 4 0 . 0
c
1
37 0 . 0 0 0 . 0 0 1 - 0
c 38 8 2 . 4 1 0 . 0 0 - 1 5 . 2
c 39 8 2 . 4 1 0 . 0 0 1 5 . 2
c 40 1 7 9 . 8 3 0 . 0 0 - 1 5 . 2
c 41 1 7 9 . 8 3 0 . 0 0 1 5 . 2
c 42 2 8 0 . 6 9 0 . 0 0 - 1 5 . 2
c
1
43 2 8 0 . 6 9 0 . 0 0 1 5 . 2
c 44 2 6 7 . 0 9 0 . 0 0 - 1 3 . 1
c 45 2 6 7 . 0 9 0 . 0 0 1 3 . 1
c 46 2 6 7 . 1 9 0 . 0 0 - 1 3 . 1
c 47 2 6 7 . 1 9 0 . 0 0 1 3 . 1
c 48 2 6 7 . 1 4 0 . 0 0 - 1 3 . 1
c
1
49 2 6 7 . 1 4 0 . 0 0 1 3 . 1
c 50 - 0 . 2 5 0 . 0 0 0 . 0
c
1
51 3 6 1 . 0 0 0 . 0 0 0 . 0
c 52 8 2 . 4 1 - 3 0 . 2 1 0 . 0
c 53 1 7 9 . 8 3 - 2 9 . 8 2 0 . 0
c 54 2 8 0 . 6 9 - 2 6 . 0 4 0 . 0
♦RESTRAINTS
1
I
S
S
s
s
I
s
s
s
I
s
s
s
XYZXYZ
TTTRRR
010000
010000
m i l l
111111
010010
010010
010010
m i l l
111111
111111
♦SLAVING
S
s
s
XYZXYZ
010010
111111
111111
Bent cap
Hinges
node for spring at end
footing springs
#
1
18
50
51
34
35
36
52
53
54
MN
12
44
47
SUPERSTRUCTURE
COLUMN BASE
FOOTING
RIGID CONN. TRANS. HINGE ARMS
SN
13
48
49
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♦MASSES
! XYZ 
MDPG 
1
MASS #
SUPERSTRUCTURE
G
S 111 
0.7076
79.7 1 32.2
S 111 159.4 2 32.2
S 111 159.4 3 32.2
S 111 159.4 4 32.2
S 111 250.0 5 32.2
S 111 186.5 6 32.2
S 111 186.5 7 32.2
S 111 186.5 8 32.2
S 111 270.0 9 32.2
S 111 219.3 10 32.2
S 111 219.3 11 32.2
S 111 105.0 12 32.2
S 111 60.5 13 32.2
S 111 219.1 14 32.2
S 111 148.7 15 32.2
S 111 148.7 16 32.2
S 111 148.7 17 32.2
S 111 
1
74.4 18
COLUMNS
32.2
S 111 15.3 19 32.2
S 111 15.3 20 32.2
S 111 12.4 21 32.2
S 111 30.6 22 32.2
S 111 30.6 23 32.2
S 111 24.8 24 32.2
S 111 30.6 25 32.2
S 111 30.6 26 32.2
S 111 24.8 27 32.2
S 111 23.4 28 32.2
S 111 23.4 29 32.2
S 111 20.5 30 32.2
S 111 35.2 31 32.2
S 111 35.2 32 32.2
S 111 35.2 33 32.2
S 111 70.0 34 32.2
S 111 70.0 35 32.2
S 111 
1
70.0 36
BENT CAPS
32.2
S 111 32.1 38 32.2
S 111 32.1 39 32.2
S 111 32.1 40 32.2
S 111 32.1 41 32.2
S 111 32.1 42 32.2
s 111 32.1 
♦ELEMENTGROUP
43 32.2
4
12
1 1 
1
0.00353
! property types 
! X-translation
1 5.83E+05 0.99 1E6 -1E6 .0001 1 1
2 6.26E+05 0.99 1E6 -1E6 .0001 1 1
3 5.88E+05 0.99 1E6 -1E6 .0001 1 1
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Y-translation 
4 5.91E+05 0.99 1E6 -1E6 .0001 1
5 6.21E+05 0.99 1E6 -1E6 .0001 1
6 5.83E+05 0.99 1E6 -1E6 .0001 1
X-rocking 
7 9.88E+07 0.99 1E8 -1E8 .0001 2
8 1.05E+08 0.99 1E8 -1E8 .0001 2
9 9.83E+07 0.99 1E8 -1E8 .0001 2
Y-rocking 
10 3.73E+07 0.99 1E8 -1E8 .0001 2
11 4.03E+07 0.99 1E8 -1E8 .0001 2
12 3.79E+07 0.99 1E8 -1E8 .0001 2
(direction types 
! match global axis 
1 1 
! element generation 
! X-translation
1 34 52 18 1 1 1
2 35 53 18 2 1 1
3 36 54 18 3 1 1
! Y-translation
4 34 52 18 4 1 3
5 35 53 18 5 1 3
6 36 54 18 6 1 3
! X-rocking
7 34 52 18 7 1 1
8 35 53 18 8 1 1
9 36 54 18 9 1 1
! Y-rocking
10 34 52 18 10 1 3
11 35 53 18 11 1 3
12 36 54 18 12 1 3
♦ELEMENTGROUP
9
Q
1 1 0.00353
(property types
1 -2 0.0044 0.0088 56395 56395 56395
0.0001
2 +1 0.0042 0.1375 37265 371 178
0.0001
3 -2 0.0129 0.0258 38821 38821 38821
0.0001
4 +1 0.0042 0.1375 37265 371 178
0.0001
5 +1 7.4E-5 0.0021 1893000 37860 37860
0.0001
6 -1 7.4E-5 0.0021 1893000 37860 37860
0.0001
( equalizing bolts
7 +1 0.0042 0.495 74530 742 1
0.0001
( spring at main bridge end, compression
8 -2 0.0044 0.0088 1000000 1000000 1000000
0.0001
( spring at abutment end, compression
9 -1 0.016 0.032 74400 1 1
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(tension elements
1 44 46 2 2 -0.125
2 45 47 2 2 -0.125
3 48 49 1 5 -0.021
4 1 50 49 7 -0.125
compression elements
5 44 46 2 1 . -0.125
6 45 47 2 1 -0.125
7 48 49 1 6 -0.021
8 1 50 49 8 -0.125
9 18 51 33 9 -0.208
■ELEMENTGROUP
15 1 1 0.00353 COLUMNS ELEM
IING.
1 1 2 3 0 0 0 0 10
unconfined concrete
5 0 0.5 0.0001
423.00 0.0005
600.00 0.0010
675.00 0.0015
720.00 0.0020
612.00 0.0040
steel
4 0. 0001
6336 0.001520
8352 0.050000
10224 0.100000
10944 0.180000
fibers for columns 19wl, 22wl, 23wl
70 192.7 29 29 252350
FY FZ FA M#
concrete fibers
0.361 -4.453 0.272 Cl
0.230 -4.133 0.237 Cl
0.315 -3.566 0.428 Cl
0.188 -2.130 2.305 Cl
1.083 -3.731 2.305 Cl
0.878 -3.444 2.305 Cl
0.644 -2.130 2.305 Cl
1.520 -2.456 0.432 Cl
0.923 -1.491 1.270 Cl
1.754 -0.819 0.432 Cl
1.065 -0.497 1.270 Cl
0.361 4.453 0.272 Cl
0.230 4.133 0.237 Cl
0.315 3.566 0.428 Cl
0.188 2.130 2.305 Cl
1.083 3.731 2.305 Cl
0.878 3.444 2.305 Cl
0.644 2.130 2.305 Cl
1.520 2.456 0.432 Cl
0.923 1.491 1.270 Cl
1.754 0.819 0.432 Cl
1.065 0.497 1.270 Cl
-0.361 4.453 0.272 Cl
-0.230 4.133 0.237 Cl
-0.315 3.566 0.428 Cl
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-0.188 2.130 2.305 Cl
-1.083 3.731 2.305 Cl
-0.878 3.444 2.305 Cl
-0.644 2.130 2.305 Cl
-1.520 2.456 0.432 Cl
-0.923 1.491 1.270 Cl
-1.754 0.819 0.432 Cl
-1.065 0.497 1.270 Cl
-0.361 -4.453 0.272 Cl
-0.230 -4.133 0.237 Cl
-0.315 -3.566 0.428 Cl
-0.188 -2.130 2.305 Cl
-1.083 -3.731 2.305 Cl
-0.878 -3.444 2.305 Cl
-0.644 -2.130 2.305 Cl
-1.520 -2.456 0.432 Cl
-0.923 -1.491 1.270 Cl
-1.754 -0.819 0.432 Cl
-1.065 -0.497 1.270 Cl
steel fibers
0.346 -4.262 0.0217 SI
1.037 -3.571 0.0217 SI
0.969 -3.204 0.0159 SI
0.283 -3.204 0.0112 SI
1.397 -2.257 0.4874 SI
1.612 -0.752 0.4874 SI
0.346 4.262 0.0217 SI
1.037 3.571 0.0217 SI
0.969 3.204 0.0159 SI
0.283 3.204 0.0112 SI
1.397 2.257 0.4874 SI
1.612 0.752 0.4874 SI
-0.346 4.262 0.0217 SI
-1.037 3.571 0.0217 SI
-0.969 3.204 0.0159 SI
-0.283 3.204 0.0112 SI
-1.397 2.257 0.4874 SI
-1.612 0.752 0.4874 SI
-0.346 -4.262 0.0217 SI
-1.037 -3.571 0.0217 SI
-0.969 -3.204 0.0159 SI
-0.283 -3.204 0.0112 SI
-1.397 -2.257 0.4874 SI
-1.612 -0.752 0.4874 SI
0.000 -3.900 0.0088 SI
0.000 3.900 0.0088 SI
fibers for hinge 19wl, 22wl, 23wl
36 487 .5 18. 00 18(.00
FY FZ FA M#
concrete fibers
0.246 -8.879 0.120 Cl
0.246 -8.500 0.239 Cl
0.252 -4.121 4.076 Cl
0.246 8.879 0.120 Cl
0.246 8.500 0.239 Cl
0.252 4.121 4.076 Cl
252350.
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-0.246 8.879 0.120 Cl
-0.246 8.500 0.239 Cl
-0.252 4.121 4.076 Cl
-0.246 -8.879 0.120 Cl
-0.246 -8.500 0.239 Cl
-0.252 -4.121 4.076 Cl
steel fibers
0.333 -8.750 0.0108 SI
0.333 -8.250 0.0108 SI
0.333 8.750 0.0108 SI
0.333 8.250 0.0108 SI
-0.333 8.750 0.0108 SI
-0.333 8.250 0.0108 SI
-0.333 -8.750 0.0108 SI
-0.333 -8.250 0.0108 SI
0.000 -7.500 0.0108 SI
0.000 -6.500 0.0108 SI
0.000 -5.500 0.0108 SI
0.000 -4.500 0.0108 SI
0.000 -3.500 0.0108 SI
0.000 -2.500 0.0108 SI
0.000 -1.500 0.0108 SI
0.000 -0.500 0.0108 SI
0.000 7.500 0.0108 SI
0.000 6.500 0.0108 SI
0.000 5.500 0.0108 SI
0.000 4.500 0.0108 SI
0.000 3.500 0.0108 SI
0.000 2.500 0.0108 SI
0.000 1.500 0.0108 SI
0.000 0.500 0.0108 SI
columns
192.7 165.46 21.21
252350 
(pedestal 1
1135.3 1135.3
252350 
(pedestal 2
2323.7 2187
252350
(ELEMENT GEOMETRY TYPES 
(top of columns 
2
97.2
136.7
29.0
63.0
81.0
29.0
63.0
81.0
29.0 580400
63.0 580400
81.0 580400
0.199
0.801
FI
El
0 . 2 1 1
0.789
FI
El
0.230 FI 
0.770 El 
(middle of columns 
1
1.000 El 
(top of pedestal
1
1.000 E2
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(bottom of pedestal for 19wl,22wl, 23wl 
2
0.974 E3 
0.026 F2
(bottom of columns for 19wl,22wl, 23wl 
2
0.801 El
0.199 FI
0.789 El
0.211 FI
0.770 El
0.230 FI
0.744 El
0.256 FI
( ELEMENT GENERATION 
(column 19wl
1 19 22 3 18 1
2 22 25 3 18 4
3 25 28 3 18 7
4 28 31 3 18 5
5 31 34 3 18 6
(column 22wl
6 20 23 3 18 2
7 23 26 3 18 4
8 26 29 3 18 8
9 29 32 3 18 5
10 32 35 3 18 6
(column 23wl
11 21 24 3 18 3
12 24 27 3 18 4
13 27 30 3 18 9
14 30 33 3 18 5
15 33 36 3 18 6
♦ELEMENTGROUP
17 1 0 0.00353 SUPERSTRUCTURE
2 2 0 0
( concrete: superstructure
1 580393 252350
( artificial rigid material for bent caps and hinges(
2 4176000 1670400
( superstructure properties
1 5047.5 185.4 4862 .1 49.8 41.8
( artificial rigid properties bent caps and hinges (9
2 2025 729.0 1296 .0 108.0 108.0
1 element generation
1 1 2 37 1 1
0000
2 2 3 37 1 1
0000
3 3 4 37 1 1
0000
4 4 5 37 1 1
0000
25.0 
X 12') 
108.0
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5 5 6 37 1 1
0000
6 6 7 37 1 1
0000
7 7 8 37 1 1
0000
8 8 9 37 1 1
0000
9 9 10 37 1 1
0000
10 10 11 37 1 1
0000
11 11 12 37 1 1
0000
12 13 14 37 1 1
0000
13 14 15 37 1 1
0000
14 15 16 37 1 1
0000
15 16 17 37 1 1
0000
16 17 18 37 1 1
0000
17 5 38 33 37 2 2
0000
18 5 39 34 37 2 2
0000
19 9 40 31 37 2 2
0000
20 9 41 32 37 2 2
0000
21 14 42 28 37 2 2
0000
22 14 43 29 37 2 2
0000
23 12 44 32 37 2 2
0000
24 12 45 33 37 2 2
0000
25 13 46 33 37 2 2
0000
26 13 47 34 37 2 2
0000
27 5 19 14 37 2 2
0000
28 9 20 11 37 2 2
0000
29 14 21 7 37 2 2
0000
♦RESULTS
E 001 3 1 15
♦ACCNREC
syll syll (1F10.9) Sylmar
record syll
1500 1 0 1 1 32.2 0.02
♦PARAMETERS
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OD 0
0
DC 0
DT 0.0025
*ACCN
30.012000 
1 syll
3 syll
♦STOP
0 0 0 0
Sylmar Dynamic Analysis
012000
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